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A carbon nanotube is a graphitic sheet, rolled intoa one-dimensional, hollow 
tube. This structure provides certain individual nanotubes with high conductivity and 
near-infrared optical activity. These properties are not necessarily translated at the 
macroscale, however, due to strong van der Waals attractive forces that determine the 
behavior at the bulk level – exemplified by aggregation of nanotubes into bundles 
with significantly attenuated functionality. Differnt methods of carbon nanotube 
covalent functionalization are studied to improve dispersion while simultaneously 
maintaining intrinsic electrical and optical properti s. In addition to retention of 
known behavior, new carbon nanotube photoluminescence pathways are also revealed 
as a result of this same covalent functionalization strategy.  
With various wet chemistries, including super-acid oxidation, the Billups-
Birch reaction, and various diazonium based reactions, that utilize strong reducing or 
  
oxidizing conditions to spontaneously exfoliate aggregated carbon nanotubes, we are 
able to covalently functionalize individually dispers d nanotubes in a highly scalable 
manner. Covalent addition to the nanotube sidewalls converts the native sp2 
hybridized carbon atoms to sp3 hybridization, which helps disrupt inter-tube van der 
Waals forces. However, this change in hybridization also perturbs the carbon 
nanotube electronic structure, resulting in an undesired loss of electrical conductivity 
and optical activity. We observe that controlling the location of functionalization, 
such as to the outer-walls of double-walled carbon na otubes or as discrete functional 
“bands,” we avert the loss of desirable properties by leaving significant tracts of sp2 
carbon atoms unperturbed. We also demonstrate that such functional groups can act 
as electron and hole traps through the creation of a potential well deviation in the 
carbon nanotube electronic structure. This defect-activ ted carrier trapping primes the 
formation of charged excitons (trions) which are observed as redshifted 
photoluminescence in the near-infrared region. Implications and impacts of these 
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Chapter 1: Introduction 
Carbon nanotubes (CNTs) generated considerable excitement after their 
discovery, leading to predictions of high impact applications such as space 
elevators1 and nanometer scale transistors.2 So far, however, these materials have 
yet to achieve these exceedingly high device expectations. It is worthwhile to note 
that the study of CNTs has barely crossed the 20-year mark. With this in mind, 
patience is counseled on the development of CNT based pplications and a 
renewed focus on the fundamental research, necessary to overcome the current, 
acknowledged limitations of this material, is urged. 
This work aims to address some fundamental issues of carbon nanotubes  
by studying the chemistry of the carbon-carbon, double-bond crystal structure that 
grants CNTs a unique combination of superior physical properties (electrical, 
optical, thermal, and mechanical).3 The delocalized pi bonding scheme of these 
quantum confined materials generates an unusual electronic structure having both 
properties of molecular orbital levels and solid state energy bands. We have 
determined that the atomic and electronic structure of these materials enables 
CNTs to be chemically modified in a very controlled manner – particularly in the 
positional control of covalently attached functional groups on the nanotube 
surface. Consistent with the adage, “structure is function,” we have learned that 
controlling the location of functional groups on the nanotube surface allows us to 
tailor the properties of these materials to overcome some of the physical 




Figure 1-1. Early transmission electron microscope images of a double walled 
(left) and a multi-walled (right) CNT taken by Sumio I jima’s group, frequently 




Of all the nanomaterials, perhaps none owe more to their advance and 
study than the striking visual discovery of CNTs by transmission electron 
microscopy (TEM) in the early 1990s.4–6 While CNTs had been previously 
synthesized and observed without particular note,7 it was Sumio Iijima’s high 
resolution TEM images of these nanostructures that fostered widespread interest 
in graphitic materials (Figure 1-1).4,5 CNTs are a unique nanomaterial composed 
entirely of carbon, and conceptually constructed (though not synthesized) by 
rolling a sheet of graphene into a tube as narrow as 0.7 nm wide.3 In the same way 
that a sheet of paper can be rolled into a tube of varying width and length by 
deepening the twist, CNTs similarly vary by a unique structural twist, or chiral 
vector (Ch), that can be defined using lattice vectors a1 and a2 to fulfill the 
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equation, Ch=na1 + ma2. (n,m) are integers and convenient indices to define the 
nanotube chirality3 (Figure 1-2).   
 
Figure 1-2. (A) When points O and A, and B and B’ are brought together by 
“rolling” the graphitic sheet, they form the nanotube unit cell. This roll-up 
configuration can be defined by the chiral vector, Ch = na1+ma2, also abbreviated 
using the indices (n,m). Shown here is the unit cell for  a chiral vector made up by 
8a1 unit vectors and 3a2 unit vectors, making this nanotube of the (8,3) chirality. 
The chiral angle, , is defined as the angle between the chiral vector Ch, and the 
“zigzag” line (n,0). Varying the chiral angle and vector thus changes the 
identifying nanotube chirality, (n,m). T is the translational vector and corresponds 
to the nanotube longitudinal axis. (B) A representative example of possible 
chiralities shown using the chiral indices labeled on a graphene sheet 




This chiral, “roll-up” vector determines more than just the diameter of the 
nanotube; it also plays a significant role in determining the electronic properties 
of the individual CNT type. As CNTs are one-dimensio al (confined at the 
diameter to quantum scale dimensions, but of high aspect ratio along the axis), the 
electronic structure can be derived by taking a cross section of the two-
dimensional graphene energy dispersion. Figure 1-3 displays the graphite 
Brillouin zone, with the K points corresponding to the degeneracies of the π and 
π* (valence and conduction bands respectively) energy dispersion of graphene. 
Thus depending on where the CNT is “folded” from its graphene basis, a line 
which is determined by the chiral and translational vectors, the graphitic energy 
dispersion will be cross-sectioned by the resultant wave vectors at either a K point 
or between K points. These cross-sections corresponding to metallic (zero 
bandgap) or semiconducting (bandgap) band structure respectively. The metallic 
or semiconducting behavior of a nanotube chirality can be easily determined 
using the chiral indices according to the equation, n-m=3j. When j is an integer, 






Figure 1-3. The cross section of the graphene energy dispersion elation can be 
used to derive the band structure of CNTs. Chiralities hat correspond to a cross 
section that crosses through a K point results in metallic behavior.8 
 
The CNT electronic density of states (DOS) feature he expected 
singularity structure of 1-dimensional materials.9 These singularities, also known 
as van Hove singularities, enable a molecular-like transition that is chirality 
dependent, resulting in unique energy transitions that appear as discrete photon 
absorption and photoluminescence peaks for the semiconducting species, with 
transition energy inversely proportional to nanotube diameter.3  
Often, these transitions are identified by the mirror valence and 
conduction band van Hove singularity states. For example, the wider gap of 
semiconducting CNTs is labeled S22 and the smaller gap is S11 (Figure 1-4A). 
Photoluminescence occurs by absorption of a photon f equal or greater energy 
than the S22 transition, followed by vibrational relaxation of the excited electron 
to the conduction band S11 state, at which point radiative relaxation may occur to 
cross the band-gap, resulting in an emitted photon. Energy states do occur within 
this bandgap, but are not optically active (and in fact are believed to be the cause 
of low, CNT photoluminescence quantum yield). The bandgap between these van 
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Hove valence and conduction band singularities is chirality dependent, which 
creates a unique combination of absorption excitation and photoluminescence 
emission wavelengths for each nanotube chirality. Photoluminescence of metallic 
CNTs does not occur due radiative quenching effects by the lower energy 
continuum states that reside at and around the Fermi l vel (Figure 1-4B). The S11 
and M11 formalism to describe the van Hove transitions is often simplified to just 
E11 when electronic type is not defined or is assumed. 
 
 
Figure 1-4. The DOS diagram of (A) semiconducting and (B) metallic CNTs. 
CNTs derive their optical properties from the transitions between the valence and 
conduction band van Hove singularities, labeled here S11 and S22 for the 
semiconductor species and M11 for metallic.
10 
 
Prior to the discovery of CNTs, it was understood that the extended 
conjugation of sp2 hybridized carbon-carbon bonds, would generate exciting 
properties that were just beginning to be understood within quantum confined 
dimensions.3 Researchers have since discovered that the physical beh vior of 
CNTs far exceeds initial expectations, including: a mobility higher than any other 
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known semiconductor (>100,000 cm2/Vs);11 ballistic electron transport at room 
temperature;12 a Young’s modulus on the order of one terapascal (TPa);13 thermal 
conductivity greater than 2000 W/mK;14 and near-infrared (IR) 
photoluminescence that occurs in wavelengths not str ngly absorbed by 
biological tissue.15–19 These properties outstrip many widely utilized commercial 
materials, including copper and aluminum, in terms of conductivity,20 and specific 
strength compared to steel.21 These traits generated interest in developing a 
multitude of CNTs applications, including transistor  for smaller 
microprocessors,2 composite strength additives for ultra-light aerospace 
polymers,22,23 biomedical imaging applications,18,19,24 and current collectors for 
photovoltaics25,26 and lithium ion batteries,27 to name just a few. 
However, proof-of-concept CNT devices and applications designed for 
these purposes largely failed to live up to expectations. Individual CNT devices 
worked as expected, but these same devices performed poorly when scaled up to 
practical dimensions. For example, macroscale fibers spun from individual CNTs 
were approximately 10 times weaker28 than expected given the experimentally 
determined Young’s modulus of individual nanotubes (~1.2 TPa).13,29 It was also 
observed that CNT additives to polymer composites did not generally enhance the 
polymer strength and often made the material more prone to cracking.30 
Photoluminescence quantum yields were low (<1%)16,31 due to fast, non-radiative 
decay pathways, making CNTs impractical for bio-imaging uses. CNT field effect 
transistors (FET) were exceedingly difficult to pattern in large arrays and 
demonstrated unexpectedly high failure rates due to low current on-off ratios .32,33 
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The early promise of CNTs stalled as it was determined that the properties of 
individual nanotubes under ideal environmental conditions were not the same as 
the bulk material and scaled devices. 
Two major obstacles to these CNT applications were identified: 1) 
polydispersity and 2) the tendency of individual nanotubes to aggregate into 
bundles. We will briefly discuss the first issue and focus on the second for the rest 
of this work. 
Polydispersity Issue 
 
 The polydispersity issue is due to the current limitations of synthetic 
methods which generate many different types of CNTs. The “HiPco” process 
utilizes high-pressure carbon monoxide gas over a heated iron pentacarbonyl 
catalyst to grow SWCNTs, but always with a broad mixture of different 
chiralities.34  These chiralities, which were described earlier, not only delineate 
the atomic structure of CNTs, but also define the electronic nature of these 
materials. Approximately 2/3 of synthesized CNTs are semiconducting and the 
remaining 1/3 are metallic.3 Under these conditions, it is almost impossible to 
synthesize CNT-based electronics if the components cannot be reliably or 
uniformly made of either semiconducting or metallic material. This synthetic 
problem explains the low on-off ratio of CNT FET devices due to the 




Figure 1-5. A cross-section of a bundled, DWCNT “rope” as viewed by TEM.35  
 
An additional complication is that the number of graphitic walls or 
concentric nanotubes can depend on the synthesis method. Some CNTs are 
composed of only a single wall (SWCNTs); others are composed of two walls 
(double-walled carbon nanotubes or DWCNTs) (Figure 1-5). Few-walled carbon 
nanotubes (FWCNTs) contain 3-5 graphite walls, and multi-walled carbon 
nanotubes (MWCNTs) have >5 walls. As each concentric anotube wall can be 
either semiconductor or metallic, DWCNTs and MWCNTs are often composed of 
both types for complex electronic character. 
While the diverse electronic behavior of CNTs complicates their 
incorporation into devices, this problem is more practically solved at the synthetic 
level rather than by attempting post-synthetic separations, which have limited 
scalability.36–44 While there is no method currently capable of producing pure 
electronic type or wall numbers, synthetic methods have been improving. For 
example, the CoMoCat process, a chemical vapor deposition method that uses a 
cobalt and molybdenum catalysts,45 has been shown to be particularly successful 
at synthesizing SWCNTs enriched in single chiralities, including (6,5) and (7,5).46 
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Such SWCNTs are now commercially available through the companies such as 
South West NanoTechnologies (Norman, OK). 
 While the polydispersity problem is significant, the CNT aggregation 
issue has seen fewer advances in the last 10 years and may be the determining 
factor in the limitations of future applications.  CNTs have a natural tendency to 
aggregate and form insoluble bundles, which limits processing and device 
fabrication methods. Additionally, we now understand that to retain the physical 
properties of CNTs in devices largely depends on maintaining the nanotubes in an 
individually dispersed state. 
Aggregation Issues 
 
The fundamental properties of CNTs that attracted researchers are largely 
due to the sp2 covalent bonds that make up the carbon lattice of individual 
nanotubes. However, at bulk scale, inter-nanotube interactions are dominated by 
van der Waals forces. While van der Waals forces ar much weaker than covalent 
bonds, the atomically flat and inflexible nature of CNTs enables large numbers of 
carbon atoms to come close together. This proximity additively increases the 
effect of the attractive van der Waals forces. For every nm of contacting CNTs, 
there is approximately 950 meV of van der Waals attraction.47 Given the length of 
CNTs (>1µm)34 and their atomically flat nature, these forces quickly add up, 
resulting in hexagonally packed, crystalline bundles35 of nanotubes featuring 
diverse electronic and optical properties. 
Van der Waals forces can interfere with CNT applications to fail by either 
being too weak or too strong, depending on the scenario.  For example, while the 
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estimated tensile strength of an individual SWCNT is on the order of GPa,48 a 
fiber spun out of many individual nanotubes exhibits only 116 MPa tensile 
strength.28 Van der Waals forces are the weakest link connectig neighboring 
CNTs within the fiber so the structure frays at a much lower tension that is 
expected from individual nanotubes, whose properties ar  dictated by carbon-
carbon double bonds.  
The same van der Waals forces that cause CNT fibers to fail are strong 
enough to compel CNTs to aggregate into bundles making them insoluble in 
nearly all solvents. Bundling prevents the use of inexpensive, roll-to-roll 
manufacturing and printing methods for device fabrication. Aggregation is also 
the cause of low photoluminescence quantum yields of bulk CNTs. Neighboring 
nanotubes within these bundles enable the transfer49 and fast relaxation of  
photoexcited electrons (110 ns lifetime)31 into lower energy states. The continuum 
DOS of metallic CNTs, in particular, facilitate faster, non-radiative recombination 
pathways.50Aggregation and poor solubility are also a problem for CNT 
composites, as they cause uneven distribution of CNTs in polymers. This 
distribution prevents even load transfer from the matrix to the nanotubes and so 
generates non-uniform mechanical properties that facilitate the formation of 
material defects.30 Dispersion properties are also acknowledged to have a strong 
effect on electrical percolation threshold values of CNT thin films and polymer 
composites.51  
The attraction of CNTs for various applications thus existed on a 
fundamentally interesting but largely irrelevant scale of the individual nanotube in 
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terms of practical applications. Researchers wanted to develop these CNTs for 
device applications without being aware until later that van der Waals forces had 
a greater impact on the behavior of the bulk materil. However, understanding 
this limitation helps us proceed to successfully translate the properties of 
individual CNTs to the macroscale. We now understand that even at the bulk 
level, nanotubes must remain effectively individual to take advantage of the 
attractive properties related to sp2 carbon bonding and to avoid the drawbacks of 
van der Waals forces. 
Dispersing CNTs points us in the direction of soluti n processing 
methods. Because of the van der Waals aggregation effect, only a few solvents 
can weakly disperse CNTs with the aid of sonication, ncluding 
dimethylformamide, N-methylpyrrolidone,52 and1,2 dichlorobenzene.53  However, 
these nanotube solutions are not thermodynamically stable and flocculate within 
hours. They are also unable to achieve high CNT concentrations.52 To overcome 
this problem, two methods of individually dispersing CNTs have been developed:  
1) non-covalent surfactant dispersion and 2) covalent sidewall functionalization. 
Both of these methods have their pros and cons, though we will learn how the 
disadvantages of covalent functionalization can be circumvented through 
controlling the position of functional groups on the nanotube surface. 
Surfactant Dispersion 
 
There are many different kinds of surfactants used for individually 
dispersing CNTs including sodium cholate and sodium dodecylsulfonate (SDS). 
The best surfactants for this purpose, such as sodium odecylbenzenesulfonate 
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(SDBS), tend to include aromatic groups. These groups facilitate  pi-pi stacking of 
surfactant molecules on the CNT surface, improving adsorption.54 Cavitation 
forces, created by ultrasonication55 of CNTs in 1-2 wt% surfactant water solution, 
generate enough energy to overcome the van der Waals attractions and exfoliate 
nanotube bundles. This process enables surfactants to adsorb to the exposed 
individual nanotube surfaces and facilitate the intraction of the CNT with the 
solvation cage via polar head groups (Figure 1-6A). Subsequent 
ultracentrifugation removes any remaining nanotube bundles, leaving individual 
CNTs suspended in solution.16 In addition to improving solubility, the 
arrangement of surfactant around the nanotube provides a buffering space 
between CNTs to prevent optical quenching interactions with metallic nanotubes. 
Thus CNT photoluminescence properties are a good indicator of the extent of 
individual nanotube dispersion (Figure 1-6B).56 
 
Figure 1-6. (A) Potential surfactant adsorption arrangements o a CNT. The 
surfactant typically features a non-polar tail that interacts with the nanotube and a 
polar head group to increase solubility as well as aid in dispersion of nanotubes by 
disrupting van der Waals forces and by electrostatic repulsion.57 (B) An emission-
excitation photoluminescence map of CNT chiralities individually dispersed using 




The surfactant method of nanotube dispersion enabled the first highly 
resolved near-IR photoluminescence studies. These studie  revealed both the 
excitonic nature15 and the chiral dependence of CNT fluorescence behavior.16,17 
Surfactant dispersion has also been used for separation purposes in conjunction 
with a density gradient to enable the density based sorting of metallic and 
semiconducting CNTs, SWCNTs  and MWCNTS.42–44,58 Nanotube purities as 
high as 97% can be achieved using this method, though yields are typically at the 
µg level. Scalability could increase with the use of industrial size centrifuges, 
raising yields to gram levels.42  However, the use of surfactants and 
ultracentrifugation ultimately limits scalability and requires excessive sonication. 
Sonication severs SWCNTs and diminishes their attractive one-dimensional 
properties.16,47,59 Surfactants are also difficult to remove completely from the 
nanotubes,56 which makes their use problematic for applications that require ultra 






Figure 1-7. An example of CNT covalent functionalization by a di zonium salt. 
This reaction utilizes electron transfer from the nanotube carbon-carbon double-
bonds to form a covalent bond, converting the sp2 hybridized attaching carbon 
atom to sp3 hybridization upon single bond formation.60 
 
Covalent Functionalization Strategies 
 
As-synthesized and acid purified CNTs can have a range of “native” 
covalent defects, the concentration or density of which depend on the synthesis 
and purification method. Acid purified (for the removal of excess amorphous 
carbon and catalyst impurities), CVD synthesized CNTs have been observed to 
display an sp3/sp2 hybridized defect concentration as high as 1-3%.61 Without acid 
processing, arc-discharged CNTs can have 1 sp3 hybridized carbon defect every 
100 nm .62  
However, the benzene-like structure of CNTs also suggests ways to 
intentionally implant covalent defects using wet chemistries adapted from the 
extensive, aromatic organic chemistry literature, including the Diels-Alder 
reaction, Birch reduction, diazonium salts addition (Figure 1-7), Friedel-Crafts 
acylation, and various cycloaddition reactions.63,64 These organic sidewall 
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functional groups can provide a steric buffer betwen neighboring CNTs to 
prevent collective van der Waals forces from aggregatin  the nanotubes, which 
helps the nanotubes to be more soluble. The yields of some covalent chemistries 
are better than others, in large part because the aggregation issue must also be 
taken into account during the chemistry itself – otherwise functionalization will 
only take place on the exterior of nanotube bundles, leaving interior nanotubes 
unreacted. This situation makes CNT chemistry particularly challenging, as one 
must use the correct solvent to create a homogenous sol tion of individual 
nanotubes for organic reaction. Although some solvents are successful at 
dispersing CNTs for organic reaction, these solvents also tend to be harsh 
oxidizing or reducing media, which prevent their use for device fabrication. 
Covalent functionalization may succeed at assisting in the dispersion of 
CNTs, but there is a significant drawback to this method. Covalent addition to the 
nanotube sidewall utilizes the reactive pi-bonds, a process that converts the sp2 
hybridized carbon atoms to sp3. This process disrupts the extended conjugation of 
carbon-carbon double bonds and generates scattering sites that largely eliminate 
conductivity and photon emission, thus removing the highly desirable electric and 
optical properties of CNTs (Figure 1-8).65–70 This tradeoff is largely the reason 
that surfactant dispersions of CNTs have been so highly relied upon despite 
scaling limitations. However, as covalent functionalization is the only dispersion 
method with any real scalability, this tradeoff needs to be circumvented in order 




Figure 1-8. Calculated CNT conductance as a function of energy near the Fermi 
level dramatically decreases with increasing carbon at m functionalization. Here 
a (6,6) metallic CNT modeled using the Hückel approximation is modified by 
increasing fluorine atom covalent sidewall addition. At a F/C ratio of 25%, 
conductance is almost completely lost.65 
 
While previous research had suggested that covalent func ionalization is 
highly detrimental to CNT properties, our studies have shown that not all CNT 
covalent defects are equivalent. The impact of a defect on any material must be 
considered in relation to the lifetime and distance traveled of the fundamental 
particles (including charge carriers, excitons, andphonons) the defect may be 
disrupting. The extended crystalline structure of CNTs means that the distance 
traveled and number of carbon atoms visited by these particles can be substantial. 
For example, excitons are known to diffuse for up to 90 nm on the CNT before 
decaying, visiting up to 10,000 carbon atoms during their lifetime.69 Therefore, 
defects in the nanotube structure within 90 nm of the exciton generation point can 
scatter these excitons and quench photoluminescence.  
However, if defects are at low density on the CNT surface (i.e. greater 
than 90 nm apart) then there is a higher probability of radiative recombination of 
the exciton before it can be quenched by these functional groups. Thus, while the 
absolute number of covalent defects on a CNT can adversely affect its properties, 
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the distribution of these defects may be of even greater importance in determining 
the degree of perturbation. Given this knowledge, w aim to circumvent the 
tradeoff of dispersion and functionality of covalent y functionalized CNTs by 
controlling the locations of functional groups so as to minimize the disruption of 
excitons and electrons. In this manner, we can facilit te the retention of 
photoluminescence and conductivity respectively.  
 
Scheme 1-1. Schematic strategy of positionally controlled CNT covalent 
functionalization to avoid the tradeoff of desirable properties that are linked to sp2 
carbon atoms. (A) The outer-walls of DWCNTs are functionalized to enhance 
individual dispersion and prevent detrimental aggreation effects, while the inner-
tube is protected from functionalization and thus retains conductive properties for 
lower percolation thresholds. (B) Functionalized SWCNTs are able to retain 
functionality while improving dispersion properties by limiting the covalent 
addition to discrete bands (shown in red), leaving regions of the nanotube intact 
that are longer than the exciton diffusion length to minimize exciton quenching. 
 
Keeping in mind the effects of defect density and location on CNT 
properties, we have devised two strategies of spatially selective CNT covalent 
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functionalization with the aim of diminishing the scattering effects on electrons, 
holes and excitons to minimize the detriment to electric and optical properties 
(Scheme 1-1). The first method is called “outer-wall se ective functionalization” 
and utilizes DWCNTs as a reactive medium. Selectively functionalizing the outer-
most graphitic wall improves dispersion, but it also protects the inner-tubes from 
reaction which enables retention of conductivity due to the maintenance of its 
delocalized, pi-electron network (Scheme 1-1A). 
The second strategy involves spatial confinement of functional groups on 
the CNT surface in discrete “bands” that leave intact regions of the graphitic 
surface which that are longer than the exciton diffus on distance, thus enabling 
unperturbed exciton generation and diffusion to avoid encounter with a defect 
before radiative decay. This functional morphology allows photoluminescence to 
occur even after covalent functionalization (Scheme 1-1B). We have determined 
that this positional control of functional groups is made possible due to the defect 
propagative mechanism of a Birch-reduction-based chmistry when applied to 
CNTs.71  
Precise control of functional modification of any nanomaterial is difficult 
to accomplish without the use of lithographic techniques. Such methods can be 
cumbersome and difficult to scale up. As with most nanomaterials, scalability is 
an issue with CNTs, but the highly controlled covalent chemistries we have 
developed can be easily scaled to bulk magnitudes du  to the use of reaction 
solvents that spontaneously exfoliate CNT bundles by electrostatic repulsion 
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(superacid protonation, or sodium-liquid ammonia reduction). Thus, we can 
ensure that the reaction takes places on individual nanotubes.  
New Optical Properties of Functionalized CNTs 
 
In addition to maintaining desirable CNT properties by controlling the 
location and effective density of covalent functional groups attached to the 
graphitic surface, we have also discovered that the same chemistry can engender 
new optical behaviors that are indicative of a defect dependent doping effect that 
generates CNT trion photoluminescence. Covalent functio alization of CNTs 
generates defects within the extended carbon lattice s ructure that are manifested 
as intra-bandgap defect states due to splitting of the excited and ground states.72,73 
These new electronic states are optically active and appear as a new 
photoluminescence peak that is redshifted from the native, chirality-dependent 
emission in the near-IR range.72,73 However, when such a covalent defect is 
generated in the presence of highly reducing or oxidative chemistry, this defect 
state can trap excess electrons or holes. 
When a photogenerated exciton diffuses to a doped defect site, a quasi-
particle called a trion is formed. Trions are charged excitons that were 
theoretically predicted in semiconductors in the 1950s,74 but were not 
experimentally observed until the synthesis of quant m confined materials such as 
quantum dots.75,76 Only the Coulombic attractive force in low dimensional 
materials is strong enough to increase the binding energy of the extra carrier 
relative to the neutral exciton species to enable enough of a redshift in the 
emission spectrum to be resolved from the exciton radiative signature.77 This 
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unique ability of CNT defects to activate trions reults in a total of three 
simultaneous photoluminescence emissions from a single covalently 
functionalized CNT (native, defect, and trion) and is unprecedented in the CNT 
literature.  
Instead of eliminating photoluminescence after covalent functionalization, 
carefully controlled addition of functional groups can in fact retain and even 
create new photoluminescence peaks. These peaks are further redshifted into the 
near-IR than the unperturbed CNT signatures. Near-IR photoluminescence is of 
interest for bio-imaging purposes, as biological tissue does not absorb strongly in 
the 1000-1400 nm range.19,78 With this chemistry, we are able to achieve both 
CNT excitation and emission within this window while maintaining excellent 
dispersion properties that are essential for biocompatibility.79  
The following chapters will discuss these covalent chemistries and how 
the corresponding reaction mechanisms allow us to control the location of 
functional groups on the CNT surfaces in a way thaten bles both retention and 
generation of desirable nanotube properties. The chemistries we study generally 
incorporate highly reducing or oxidative solvents to ensure scalable reaction on 
individual nanotubes. Functionalized samples are characterized either as-is or 
after subsequent re-dispersion using 1wt% SDBS in deuterium oxide for optical 
studies. Thermogravimetric analysis (TGA) and Raman spectroscopy are used in 
conjunction with absorption spectroscopy to characterize the degree of CNT 
covalent functionalization. Transmission and scanning electron microscopies 
provide fundamental information regarding the surface functional morphology. 
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CNT thin films were used exclusively to characteriz electronic properties. 
Photoluminescence reveals how optical activity is retained or modified after 
covalent functionalization as well as providing a measure of the nanotube 
dispersion. 
We hope this study of CNT covalent addition will prompt new thinking on 
functionalization of graphitic materials, which suffer from similar processing 
issues. We will begin with our study of outer-wall-selectively oxidized DWCNTs 
to demonstrate the concept of selective and location l control of functionalization 































Chapter 2: Outer-Wall-Selectively Oxidized, Water soluble 
Double-Walled Carbon Nanotubes 
Adapted from Brozena, A. H.; Moskowitz, J.; Shao, B.; Deng, S.; Liao, H.; 
Gaskell, K. J.; Wang, Y. J. Am. Chem. Soc. 2010, 132, 3932–3938.80 
 
 A.H. Brozena performed all the Raman spectroscopy, the TEM imaging 
and directed some synthesis. J. Moskowitz, B. Shao, and S.L. Deng synthesized 
the majority of the samples and characterized the water solubility of these 
materials. H. Liao constructed the nanotube length histograms, as well as the 
carbon nanotube thin films and characterized their conductivity. K. Gaskell took 




Single-walled carbon nanotubes combine remarkable el ctrical, 
mechanical, thermal, and optical properties,3,81 yet their lack of solubility in 
conventional solvents is a serious drawback to applications in a number of 
important areas, including composite materials,22,82 biomedicine,24 and solar 
cells.25,83 The insolubility is due to the inert graphitic nature and strong inter-tube 
van der Waals interactions.47,84 Over the past decade, enormous efforts have been 
devoted to addressing this insolubility problem.16,47,59,64,85 The most successful 
approaches to date have involved either covalent sidewall functionalization 
chemistry64,85 or non-covalent processes that rely on the use of surfactants or 
polymers to form kinetically stable suspensions.16,47,59 However, choosing 
between covalent and non-covalent approaches involves an unattractive trade-off. 
Non-covalent approaches typically suffer from large amounts of 
surfactant/polymer contamination, low yields, and limited scalability.16,47,59 
Covalent sidewall chemistries can overcome these problems and effectively 
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render SWCNTs soluble in thermodynamically stable solutions.64,85 
Unfortunately, covalent chemistry dramatically alters the atomic and electronic 
structures of SWCNTs,65 causing the loss of the electrical properties60 and the 
degradation of their mechanical strength and chemical stability.  
Here we report outer-wall selectively oxidized double-walled carbon 
nanotubes (oso-DWCNTs), a promising material to address this insolubility 
problem.  DWCNTs are a class of carbon nanostructures composed of exactly two 
graphene sheets that are rolled into concentric tubes. A series of recent studies 
have shown that DWCNTs exhibit a range of interesting electrical,86 thermal,87 
and mechanical properties,88 that are sometimes superior to those of SWCNTs. By 
adapting an acid oxidation chemistry previously used on SWCNTs,89,90 we have 
demonstrated outer-wall selective oxidization of DWCNTs to the exclusion of the 
inner-tubes. This “double-wall” chemistry produces water-soluble materials that 
preserve the electrical properties of the inner-tube.  
 
Scheme 2-1. Illustration of outer-wall selective oxidation of DWCNTs by 
H2SO4/HNO3. H2SO4 intercalation opens the diffusion pathways for HNO3 to 
access nanotubes embedded in a rope and selectively react with the exposed 
outer-walls. For clarity, the inner-tubes are omitted. 
 
DWCNTs were dispersed in oleum (100% H2SO4 with excess SO3) and 
then reacted with nitric acid to afford oso-DWCNTs that are highly soluble in 
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water. Over 70% of DWCNTs became soluble in water with a yield of better than 
70% from the starting material. Unlike conventional organic covalent chemistry 
or gas-phase reactions,85 the intercalation of oleum between bundled 
nanotubes28,91 presumably opens diffusion pathways for the HNO3 to equally 
access all outer-wall surfaces (Scheme 2-1). We believe this intercalation 
diffusion mechanism allows the reaction to occur homogeneously at high 
concentrations.  The diffusion mechanism may also include epoxidation92,93 of the 
bundled DWCNT ends with the potential for these groups to migrate across the 
surface. However, the rate of epoxide migration calcul ted by density functional 
theory is only 10-2/s at room temperature93 and is therefore not considered to be 
the major contributor of DWCNT oxidation in this experiment. In-situ formation 
of the nitronium ion after addition of HNO3 to the oleum-DWCNT solution is 
believed to form the positively charged carbon nanotube-nitronium adduct. Upon 
1,3 or 1,5 addition of the sulfate anion to the remaining positively charged carbon 
site94 could result in the formation of the epoxide upon l ss of the SO3 and the 
NO2 species. Post functionalization water workup could lead to the formation of 
hydroxide functionalities. Research has established t at oxidation tends to “cut” 
the nanotubes at sites of pre-existing defects rathe  than oxidatively shortening the 
nanotubes from the ends in a fuse-burning mechanism.95 
The functionalized DWCNTs were characterized with Raman 
spectroscopy, UV-Visible spectroscopy, X-ray photoelectron spectroscopy (XPS), 
and high resolution TEM. Our results reveal strong correlations of solubility and 
the degree of functionalization with the relative ractant concentration and 
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reaction time. We have also determined optimized reaction conditions for outer-
wall selectivity. Outer-wall selectivity is essential to retain the electrical 
conductivity of oso-DWCNT thin films by maintaining efficient inner-tube 
pathways that are absent in functionalized SWCNT films. These results 
demonstrate a possible solution to the covalent-modification tradeoff between 
water-solubility and the desirable electrical properties associated with these 
CNTs. 
Materials and Methods 
Outer-wall Selective Oxidation of Superacid Intercalated DWCNTs 
 
 50 mg of raw DWCNTs (Unidym DW411UA) were added to 50 mL 
oleum (reagent grade, 20% free SO3 basis, Sigma Aldrich) (Warning: oleum is 
very corrosive and should be treated with caution) in a three-necked flask. The 
spontaneously formed black, homogeneous solution was stirred for 24 hrs under 
an argon atmosphere to ensure complete intercalation by oleum, after which the 
dispersion was heated in a water bath to 65 ºC.  1-20 mL of 70% HNO3 (Certified 
ACS Plus, Fischer Scientific) was added to the solution drop by drop through an 
addition funnel (Warning: nitric acid is extremely corrosive and should be treated 
with caution). The solution was left to react for 2-24 hrs.  The conditions 
investigated included a 2 hours reaction time with added nitric acid volumes of 1 
mL, 5 mL, 10 mL and 20 mL.  Additional conditions included reacting with 5 mL 
of nitric acid for 2 hrs, 12 hrs, and 24 hrs. This fixed 5 mL reactant volume was 
chosen to avoid immediate over-oxidation of the sample, allowing the reaction to 
be studied over longer periods of time than if a 10 mL fixed volume were chosen.  
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When the desired reaction time was reached, the solution was removed 
from the warm bath and left to cool in air for 10 minutes.  The black slurry was 
slowly added into 250 mL of nanopure water (18.2 MΩ), using a glass stir rod to 
prevent splashing. The diluted DWCNT solution was vcuum filtered and then 
washed with 100 mL of diethyl ether and 50 mL of methanol.  Finally, the 
DWCNTs were washed with 1 L nanopure water to ensure that the DWCNTs 
were acid free. The solids were placed in a vacuum oven at 80 °C for 12 hrs to 
dry. These experimental procedures ensured that the samples were free of the 
chemical doping effects that can be caused by acids.96  
 
Relative Solubility of Oxidized DWCNTs Prepared at Different Reaction 
Conditions 
 
In order to determine which oxidative conditions (in terms of reactant 
concentration and reaction time) resulted in the most s luble sample, a hexane 
and water extraction procedure was developed to separate the water soluble and 
insoluble DWCNTs.  3.0 mg of each oxidized DWCNT sample was sonicated 
using a Misonix S-4000 ultrasonicator at ~115 W in 18 mL basic (pH~9) nano-
pure water (18.2 MΩ) for 25 min.  7 mL of hexane (99.5%, Pharmco-AAPER) 
was then added to the water dispersion and shaken by hand in a sealed vial. After 
25 minutes, the mixture phase separated into two distinct layers with water 
soluble DWCNTs on the bottom aqueous layer. The concentration of the 
functionalized DWCNTs that were water soluble was determined by absorbance 
of the aqueous solution, which was measured using a Perkin Elmer 1050 UV-Vis-
NIR spectrophotometer. The concentration was determin d optically at λ=500 nm 
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from absorbance vs. concentration working curves of raw DWCNTs dispersed in 
nanopure water using 1 wt% SDS. 
Determining Maximum Water Solubility of Oxidized DWCNTs 
 
 To find the maximum water solubility, 16.6 mg of the oxidized DWCNT 
sample was dispersed in 10 mL NaOH aqueous solution (pH~10) and sonicated at 
~115 W for 1 hr in circulated cooling water bath. 1 mL of the dispersed solution 
was added to three centrifuge tubes each, which were then centrifuged at 2800 g 
for 60 minutes. After centrifugation, 0.10 mL of the top layer solution was taken 
from each vial and diluted 80 times. The UV-Vis-NIR spectra were taken for each 
of the diluted solutions. This centrifugation and absorbance measurement 
procedure was repeated for the remaining 0.90 mL dispersions in each centrifuge 
tube under the same conditions for a total of 5 times, after which the UV-Vis-NIR 
spectra did not change. The dispersion was then expected to be at its most stable 
state, in which the maximum solubility of the functionalized DWCNTs was 
calculated by the aforementioned optical method. 
X-ray Photoelectron Spectroscopy 
 
XPS data were collected on a Kratos Axis 165 operating in hybrid mode using 
monochromatic Al Kα radiation (1486.6 eV) at 240 W.  The samples were 
mounted on double sided carbon tape and the pressure of the instrument remained 
below 1 × 10-8 Torr throughout the data collection.  Survey spectra were collected 
at a pass energy of 160 eV while high resolution spectra were collected at a pass 
energy of 20 eV. All peaks were calibrated to the sp2 hybridized peak at 284.5 eV, 
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and after the application of a Shirley background,97 fit with peaks with a 70% 
Gaussian 30% Lorentzian product function. The graphitic peak was modified with 
an asymmetric form A(0.4,0.55,30)GL(30) determined through fitting of the 
pristine nanotube C 1s spectrum, using CasaXPS software. 
Raman Spectroscopy 
 
 Raman scattering data were collected on a Horiba Jo in Yvon LabRAM 
HR800 Raman microscope using 632.8, 514.5 and 488.0 nm excitation lines. The 
non-partitioned samples of the DWCNTs (including both water soluble and 
insoluble fractions) were dispersed in ethanol by brief sonication to improve 
uniformity and deposited drop-wise on a glass micros ope slide using a Pasteur 
pipette and allowed to dry. Spectra for each sample were obtained by measuring 
the Raman scattering at three separate spots and averaging. 
Electron Microscopy 
 
TEM images of the 5 mL 24 hrs and 10 mL 2 hrs samples were obtained 
using a JEOL JEM-2100 LaB6 transmission electron microscope at 200 kV 
accelerating voltage.  High resolution images were taken on a JEOL JEM 2100 
FEG transmission electron microscope at the same acc lerating voltage.  Non-
partitioned DWCNT samples were washed with nanopure water to protonate 
surface carboxylic acid functional groups and then dispersed in ethanol.  These 
solutions were then briefly sonicated and deposited on an SPI lacey carbon coated 
300 mesh copper grid using a Pasteur pipette.   
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Length distributions of the raw, 5 mL 24 hrs and 10 mL 2 hrs samples 
were measured based on images taken on a Hitachi SU-70 SEM at 3kV 
accelerating voltage.  The raw DWCNT sample was firt dispersed in 1,2-
dichlorobenzene and spin-coated on a silicon wafer t 3000 rpm.  The 5 mL 24 
hrs and 10 mL 2 hrs samples were re-suspended in ethanol, followed by 
deposition on a silicon wafer by spin-coating.  The images were then analyzed 
using ImageJ software.   
Carbon Nanotube Thin Film Conductivity Measurements 
 
Functionalized DWCNT samples and HiPco SWCNT controls98 (received 
as a gift from Rice University) were weighed and re-suspended in ethanol by 
sonication to form a 0.20 mg/mL solution. The oxidized SWCNT sample was 
functionalized at the same conditions as the 10 mL 2 hrs DWCNT sample. The 
solution was filtrated through a 0.2µm GTTP IsoporeTM Membrane (Millipore) to 
form a thin film. The thin film was cut into 0.20-0.32 cm wide strips. Electrodes 
(5 nm Cr/50 nm Au) were deposited on the strip through a shadow mask using 
thermal evaporation (Metra Evaporator, Metra, Inc) to form a 0.50 cm long 
conducting channel. Resistances were measured with a multimeter. The film 
thickness was estimated using the film area and density (1.3 g/cm3). 




Raman, XPS and water solubility data clearly indicate the successful 
functionalization of the DWCNT samples, but most interesting was the evidence 
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of outer-wall selectivity. Figure 2-1 shows Raman spectra of the oxidized 
DWCNTs under different reaction conditions. The most pronounced Raman 
signatures of a DWCNT arise from scattering by the radial breathing modes 
(RBMs) in the range 100-350 cm-1 and sp2 hybridized carbon tangential modes 
around 1500-1600 cm-1, which are collectively known as the G band.28 Oxidation 
introduces sp3 centers and other structural defects, which give rise to the so-called 
D band around 1350 cm-1.99 Importantly, due to relatively weak inter-wall 
interactions within a DWCNT, each of the two constituent walls gives a different 
set of Raman peaks.35 In particular, the inner-tube and the outer-wall hve distinct 
RBMs because the low frequency Raman shifts are invrsely proportional to the 
nanotube diameter.99,100 We attributed the raw-DWCNT peaks at approximately 
150 cm-1 and 215 cm-1 to the RBMs of the outer-walls and inner-tubes, 
respectively. After oxidation, the peaks centered around 150 cm-1 were depressed. 
However these same samples retain the peaks centered around  
215 cm-1, corresponding to the inner-tubes of the DWCNTs. The retention of the 
inner-tubes’ RBMs and the simultaneous disappearance of those of the outer-






Figure 2-1. Raman spectral evidence 
the oxidized DWCNTs under different reaction conditions (red line: 10
2 hrs; blue line 20 mL 2 hr
with that of raw DWCNT
are indicated by the above Katau
used (λ=632.8 nm) is indicated by the two dotted lines
normalized to the peak centered 
outer-walls.  (C) The G peak (sp
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shown oxidation conditions.
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and the RBM modes,31-33
Raman resonance window of the laser excitation line used (632.8 nm) to metallic 
CNTs. Similar trends were observed with 514.5 nm 
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(Figure 2-2). Since the Katau
SWCNTs with a wide range of diameters 
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and 488.0 nm excitation 
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excitation lines together sampled a large population of different nanotube 
structures, the outer-wall selectivity is likely a general phenomena of DWCNTs 
reacted under the intercalation oxidation conditions i vestigated.  Metallic 
selectivity has important implications for the use of oso-DWCNTs for electronic 
applications and will be discussed further below. 
 
Figure 2-2. Raman spectra of the 10 mL 2 hrs sample in comparison with raw 
DWCNTs.  Outer-wall selectivity is evident by the diminishing of the outer-wall 
RBMs and retention of those of the inner-tubes. Theexcitation line is indicated in 
each spectrum. 
 
The disappearance of the outer-wall RBMs correlates with the 
simultaneous decrease of the G band (~1585 cm-1) and the rise of the D band 
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(~1350 cm-1), the latter of which occurs due to the increased outer-wall 
functionalization. The integrated ratio of the disorder and the graphene vibrational 
modes (D/G ratio) directly indicates the degree of DWCNT functionalization. 
Additionally, the higher the ratio of the inner-tube RBM intensity to the G band, 
the higher the outer-wall selectivity (Figure 2-1).  
 
Figure 2-3. Comparative TEM studies of so-DWCNT samples with the highest 
water solubility (A,B: 5 mL 24 hrs) and the highest outer-wall selectivity (C,D: 10 
mL 2 hrs). These images show two contrasting oxidation products: (A,B) 
shortened nanotubes with amorphous carbon coating; (C,D) long, exfoliated 
nanotube bundles with clean wall structures. 
 
To confirm the outer-wall selectivity, high resolution TEM was performed 
on the 10 mL 2 hrs sample, which had the highest outer-wall selectivity according 
to the RBM/G band ratio, and the 5 mL 24 hrs sample, which had the highest D/G 
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ratio among the eight reaction conditions investigated. Consistent with the higher 
Raman D/G ratio, TEM images of the 5 mL 24 hrs sample revealed etched holes 
on the nanotube sidewalls, and shortened nanotubes with ome amorphous carbon 
coating as a result of over oxidation (Figure 2-3A and B). The results from the 10 
mL 2 hrs sample demonstrated intact inner-tubes with an absence of the 
roughness associated with the oxidized outer-walls (Figure 2-3C and D). This 
outer-wall surface morphology is a result of sp2 hybridized carbon atoms 
converting to pyramidalized sp3 by oxidation. The structural contrast between 
inner-tubes and outer-walls further supports the conclusion drawn from the 
Raman data that oxidative functionalization occurred primarily on the outer-wall.  
 
Figure 2-4. Length distribution of raw, 10 ml 2 hrs, 5 ml 24 hrs samples. 
Approximately 100 nanotubes were samples for each histogram. The distributions 
are fitted with log-normal functions. 
 
Length distributions of the samples were quantified using a combination 
of SEM and the imaging software, ImageJ. Raw, non-oxidized DWCNTs featured 
an average length of 502±341 nm, while the 10 mL 2hrs and 5 mL 24 hrs samples 
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were 361±277 nm and 305±250 nm, respectively. The length distributions for all 
three samples followed log-normal distribution functions (Figure 2-4). Therefore, 
the 5 mL 24 hrs sample had undergone greater oxidative shortening than the 10 
mL 2 hrs sample, which is consistent with the TEM images.  
The outer-wall selectivity can be attributed to thephysical protection of 
the inner-tube by the outer-wall104,105 and to the deliberately controlled reaction 
conditions. The high aspect ratio of the one-dimensional structure (>1,000) can 
significantly slow the diffusion of the reagents into the inner-tubes and thus retard 
the endohedral reaction pathway.106 Although there are few studies on DWCNT 
chemistry, it is reasonable to suspect that sulfuric and nitric acids anions can 
diffuse into the inner-tubes due to their smaller size  than the opening of the 
nanotubes. However, the intercalation by oleum opens diffusion pathways for 
NO3
- to access the outer-wall surface more readily. This mechanism enables a 
more homogeneous reaction compared with fluorinatio105 or nitric acid alone.107  
The chemistry is straightforward and highly scalable, as it eliminates an initial 
step involving dispersion by surfactants or organic solvent85 and allows for 
homogeneous reactions at high nanotube concentrations. 
Functional groups are carboxylic acids as shown by high resolution XPS 
data. The C 1s spectrum for the raw DWCNTs shows a dominant peak due to sp2 
hybridized carbon (~284.5 eV). After oxidation, the content of sp3 carbon 
increases and two new peaks at ~289.0 eV and ~285.0 eV appeared, which can be 
attributed to –COOH (~ 6.5% of total carbon signal) (Figure 2-5). Consistent with 
this assignment, examination of the O 1s region reveals a large increase in oxygen 
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Table 2-1.  XPS data for
The oxidized DWCNT 
groups consistent with carboxylic acids. 
 
 
1Binding energy fixed as determined from fitting of raw DWCNTs.
37
DWCNTs as compared to the starting material. The 
 of the carboxylic acid group (Table 2
al groups after oxidation explain
DWCNTs. 
DWCNTs and (B) 10 mL 2 hrs sample.  
 
Binding Energy 
(eV) O 1s (%)



































 raw DWCNTs, 5 mL 24 hrs and 10 mL 2 hrs



















The samples’ solubility was further investigated as a function of reactant 
concentration and reaction time by following the product with UV-Visible 
absorption and Raman spectroscopies.  Because the oxidized nanotubes are 
soluble in water, a solvation competition between water and an organic solvent, 
such as hexane, enables separation of water soluble nanotubes from the more 
hydrophobic components. Figures 2-6A and 2-6D show photographs of the 
partitioned DWCNT samples (3.0 mg each) in 18 mL basic water and 7 mL 
hexane after being oxidized at different reaction cditions. The darkness of the 
aqueous layer correlates with an increase in the percentage of nanotubes 
dissolved. The percentage of water soluble nanotubes, or relative solubility, at 
each experimental condition was further quantified by measuring the absorbance 
of the aqueous layer against an absorbance-concentratio  working curve. The 
expected solubility trends were observed. When reaction time was held constant 
(2 hrs), solubility increased with reactant concentration (1 mL, 5 mL, 10 mL, 20 
mL) (Figure 2-6B). When reactant concentration was held constant (5mL), 
solubility increased with reaction time (2 hrs, 12 hrs, 24 hrs) (Figure 2-6E). 
Consistent with the solubility trends, the Raman D/G ratio increases with 
increasing amount of nitric acid in addition to increasing reaction time (Figure 2-
6C and 2-6F). These trends were observed as a result of increased oxidative 
functionalization of the DWCNT samples with either increasing reactant 




Figure 2-6. Relative water solubility and degree of functionaliz tion of oxidized 
DWCNTs (A-C) under increasing amount of HNO3 at a fixed reaction time of  
2 hrs and (D-F) increasing reaction time using 5 mL HNO3. (A, D) Solvation 
competition of oxidized DWCNTs in water and hexane. The partitioned samples 
are shown in order as they appear in the solubility graphs below each image. (B, 
E) Relative solubility: percent of functionalized DWCNTs dissolved in water. 
(C,F) Degree of functionalization based on Raman ID/IG of DWCNT samples. 
 
The maximum relative solubility was achieved by reacting the DWCNTs 
with 5 mL of nitric acid over 24 hrs. 76% of the DWCNTs in this sample 
dissolved in basic water compared to 68% for the second most soluble sample 
(20 mL 2 hrs). The maximum solubility, from the 5 mL 24 hrs sample, was 760 
mg/L. The solubility for the 10 mL 2 hrs sample, which shows higher outer-wall 
selectivity, was 600 mg/L as calculated from the relative solubility with respect to 
the 5 mL 24 hrs sample. High solubility is crucial for potential applications of 
carbon nanomaterials in a number of areas, especially b omedical applications,24 
composites108 and solar cells.25,109 A high density of carboxylic acid groups on the 
 
 40
nanotube sidewall will also offer a large number of c valent anchoring points for 
further material modification. This feature is important for improving solubility 
and load transfer.3 
We note that the maximum solubility may not correspond with the highest 
outer-wall selectivity. While the maximum solubility was observed for samples 
reacted with 5 mL HNO3 for 24 hrs, the highest outer-wall selectivity was 
achieved at reaction conditions of 10 mL HNO3 for 2 hrs.  This condition 
mismatch is not surprising since extended reaction time and aggressive reaction 
conditions tend to produce more functional groups until the nanotube decomposes 
or each carbon is converted from sp2 hybridization to sp3, which results in higher 
solubility. However, the extreme condition also involves oxidation of the inner-
tubes, which leads to an overall loss of the desirable electronic and optical 
properties associated with an sp2 hybridized network of carbons of a pristine 
inner-tube.  Therefore, it is important to balance th se competing factors in order 
to achieve the highest outer-wall selectivity simultaneously with the highest water 
solubility. Although our experiments have yet to exhaust the parameter space, the 
trends we have observed could serve as a useful guide for tuning the reaction 
conditions for intended applications. 
Improved Conductivity Percolation of Oso-DWCNTs 
 
The ability to solubilize metallic nanotubes without causing disruption of 
their electronic structures opens opportunities to investigate the properties and 
facilitate applications of metallic nanotubes. Wiring nanostructures with effective 
electrical contact and percolation is a central chalenge in conductive composites, 
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electrical energy storage, and photovoltaic nanoscience.22,25,81,82 Remarkably, the 
electrical conductivity of oxidized DWCNTs is better retained as compared to 
SWCNTs. The volume electrical conductivity of a ~1.5 µm thick film prepared 
from oxidized DWCNTs reaches 2.75×104 S·m-1, i.e. 66% of electrical 
conductivity was retained after the outer-wall selective oxidation. This value is 
65% higher than what is retained for similarly functionalized HiPco SWCNTs 
(Table 2-2). The electrical conductivity of the over-oxidized DWCNTs (5 mL 24 
hrs samples) drops by 47±2% in comparison to the oso-DWCNTs (10 mL 2 hrs 
samples) for both the 1.53 µm and 0.15 µm films, anifesting the importance of 
outer-wall selectivity. In contrast to functionalized SWCNTs, the intact inner-
tubes of oso-DWCNTs provide a continuous conductive pathway which s 
otherwise shortened due to sidewall functionalization (Figure 2-7A and B). 
 
 
Table 2-2. Electrical conductivity of oso-DWCNTs thin films in comparison with 
pristine DWCNTs, SWCNTs, and functionalized SWCNTs 
 
 Conductivity S·m -1 (percentage retained)*   
 1.53 µm thick strip 0.15 µm thick strip 
Single-walled  Pristine 6.70E+04 7.24E+04 
Functionalized 2.65E+04 (40%) 2.92E+04 (40%) 
Double-
walled  
Pristine 4.16E+04  3.81E+04 
oso-DWCNTs 2.75E+04 (66%) 2.06E+04 (54%) 
 
Note: *Number in parentheses denotes the percentage of electrical conductivity 
retained after functionalization with respect to the respective pristine nanotubes of 





Figure 2-7. Electrical percolation of oso-DWCNTs via inner-tubes.  (A) The 
broken conductive pathway due to sidewall functionalization of SWCNTs. (B) 
Intact inner-tubes extend the electrically conductive pathways. (C) High 
resolution TEM image showing two oso-DWCNTs in contact. 
 
However, if the outer-wall is functionalized, how could the inner-tubes 
make electrical contact with the outer-wall and also interconnect with one another 
so effectively? This puzzle was resolved with high resolution TEM, which 
revealed a clustered distribution of functional groups on a carbon nanotube 
surface (Figure 2-7C). There are segments of intact outer-walls on the orders of 
10s of nanometers that would allow two functionalized DWCNTs to contact 
electrically with the inner-tubes. The clustered distribution of functional groups 
also explains the surprisingly low Raman D/G ratio ssociated with these oxidized 
DWCNT samples. Typically, the D/G ratio indicates the degree of DWCNT 
functionalization. The D/G ratio increases with increasing amount of nitric acid in 
addition to increasing reaction time, however the increase is small. For the 2 hrs 
samples, the D/G ratio changes little with respect to that of as-received DWCNT 
material (~0.07±0.01) (Figure 2-1). Given the high water solubility, the D/G ratio 
of oso-DWCNTs is unexpectedly low compared with those of oxidized 
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graphenes110 and SWCNTs functionalized using covalent organic chemistry 
(~1.0).111 However, similarly low D/G ratios have been reported for short 
SWCNTs with non-functionalized sidewalls.112 These observations can be 
explained by invoking a theoretical prediction by Morokuma et al. that the 
introduction of sp3-type defects to a nanotube sidewall causes a significa t 
decrease of Raman intensity of the G-band due to the broken symmetry.113 In 
contrast to conventional organic covalent chemistry, he preservation of the 
cylindrical symmetry, as indicated by the observed structural pattern of the 
oxidized DWCNTs, might have retained the Raman intensi y of the G-band and 
hence, showing the relatively low D/G ratio.  
These data strongly suggests that the intercalation oxidation occurs 
preferentially by reaction propagation from existing defects. Such a reaction 
mechanism and the resulting oso-DWCNT structures may provide opportunities 
to tune the interactions of “sticky” nanotubes over a wide range that was 
impossible before to realize extremely low percolati n thresholds in 
nanocomposites.82 It is also important to note that the starting DWCNT samples 
have a purity of only 60% as specified by the manufcturer. Of these 60%, the 
possibility of an inner-tube is metallic is approximately 1/3.3 Significant 
improvements are anticipated with enriched DWCNTs104 or if pure metallic types 
can be separated or synthesized. Ongoing experiments are addressing these 
questions. However, the reported oso-DWCNTs and the more efficient electrical 
percolation through inner-tubes suggest a powerful mechanism to simultaneously 
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improve dispersion of and percolation through carbon nanostructures in 
conductive composites. 
Piao et al.114 later applied this same covalent functionalization strategy with 
even greater success by using a diazonium reaction to attach benzene groups to 
the outer-walls of DWCNTs. While the oxidation chemistry80 reported here has 
the advantage of improving water solubility of the carbon nanomaterials, the 
reaction is fairly aggressive and can oxidatively digest the nanotubes if conditions 
are not carefully monitored. This problem can make outer-wall selectivity 
difficult to achieve. The advantage of the diazonium based chemistry is its ability 
to selectively functionalize outer-walls of DWCNTs due to size exclusion; the 
diazonium molecule is too large to enter the interior of the nanotube and is limited 
to functionalizing the outerwalls. With this size exclusion mechanism, the 
reaction can be pushed much further, so covalently functionalized SWCNTs 
prepared using this chemistry can be completely insulating. The same degree of 
DWCNT functionalization results in a retention of approximately 50% of the 
original conductivity.114  
This diazonium-based outer-wall-selective functionalization strategy was 
recently demonstrated to be particularly effective for electronic CNT devices such 
as thin-film transistor (TFT) based sensors for small- olecule detection. Benzoic 
acid groups attached to the outer-walls of DWCNTs by diazonium chemistry 
improve the sensitivity and selectivity of amine detection compared to similarly 
functionalized SWCNT devices, which were less conductive (due to covalent 
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addition) and thus yielded lower signals.115 There are plans to use this 




Outer-wall-selective oxidization of DWCNTs was demonstrated by reacting 
DWCNTs with a combination of oleum and nitric acid. The intercalation of oleum 
between bundled DWCNTs presumably opens the diffusion pathways for nitric 
acid to access the outer-walls, resulting in a homogeneous reaction. The outer-
wall selectivity was confirmed with Raman spectroscopy and high resolution 
TEM. The conductivity of an oso-DWCNTs thin film approached 2.7×104 S·m-1, 
up to 65% better than similarly functionalized SWCNTs thin films. This 
improvement is due to the outer-wall selective reaction, which maintains a 
conductive inner-tube pathway. Improved electrical percolation could be 
attributed to the combination of the intact inner-tubes and regions of the outer-
walls that remained non-oxidized.  
These intact regions of the outer-walls are of interest to us mechanistically. 
Previous CNT functionalization studies displayed similar bands of covalent 
modification. For example, gas-phase fluorination reactions of CNTs were 
accessed using scanning tunneling microscopy and showed a tendency of the 
fluorine atoms to covalently attach in continuous and discrete regions of the 
nanotube.116 As a result of this functionalization pattern, regions of the CNT 
remained intact. Maintaining continuous tracks of sp2 hybridized carbon atoms is 
essential for retention of desirable graphitic properties as we have just 
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demonstrated with the outer-wall selective chemistry in the retention of the 
integrity of the inner-tube. We were motivated to cntinue to study how the 
location of CNT covalent functional groups can be exploited to maintain 
functionality, particularly in a possible banding morphology for SWCNTs that do 
not have the advantage of the inner-tube. 
Beyond the fluorination reaction, SWCNT functionaliz tion patterns have 
been fairly unexplored in the literature, although a few oxidation chemistries 
suggested a similar morphology.67,95,107 The activation of sp2 carbon atoms at 
neighboring sp3 defect sites for covalent addition may be due to bond angle strain. 
Sp2 hybridized carbon prefers a flat, 120° bonding angle, while sp3 carbon 
bonding is tetrahedral (109.5°). Thus, the angle strain of neighboring sp2 and sp3 
carbon atoms is even greater compared to ortho sp2 carbon sites. Functionalization 
and conversion to entirely sp3 relieves such strain as the nanotube angle of 
curvature more close matches the pyramidalization angle.117,118 For this reason, 
despite steric effects it may be more energetically favorable that covalent 
functionalization occur in clustered regions of the nanotube rather than via 
uniform nucleation of defects across the surface. 
In the following chapter, we will demonstrate how highly reducing 
chemistry can also result in banding morphologies of functional groups on the 
nanotube. By functionalizing SWCNTs with alkyl halide based radicals using 
sodium in liquid ammonia, we have determined that this chemistry tends to 
propagate from pre-existing defects, resulting in a confined defect propagation 
mode. We believe this mechanism results from sp3 hybridized carbon localization 
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of electrons injected into the SWCNT electronic structure under highly reductive 
chemical conditions, activating electrophilic addition at these more highly 
reduced defect neighboring carbon atoms. Maintaining SWCNT functionalization 
in these bands helps retain optical properties including absorption and 
photoluminescence. This retention of optical properties may have importance for 






Chapter 3: Confined Propagation of a Covalent Chemistry on 
Single-Walled Carbon Nanotubes  




S. Deng synthesized the majority of the samples and took Raman, FT-IR, and 
absorption spectra. Y. Zhang took SEM images and measur d the “functional 
band” lengths. A.H. Brozena took TEM images of the carbon nanotube samples 
before and after ALD deposition and developed carbon nanotube dispersion 
methods for this ALD experiment; she also synthesized many of the functionalized 
carbon nanotubes, particularly the non-hexanoic acid functionalized samples and 
took Raman spectra. M.L. Mayes did the DFT calculations and Mulliken 






Where and how does a molecule covalently bond to a “π-electron sea?” This 
fundamental question is of central importance to the development of selective 
chemistries for extended carbon networks, such as SWCNTs63 and graphene,119 in 
which π-electrons are delocalized over thousands of carbon at ms. Theoretical 
studies predict that the pattern of functional groups, or defects, will substantially 
affect the electrical and optical properties of these types of low-dimensional 
systems.120,121 Spatially controlled chemistry may find uses in graphene edge 
engineering,122 molecular lithography,123 and nanotube electrode networks.80 
Experimentally, it is challenging to control functionalization patterns in carbon 
nanostructures. For example, recent experiments have demonstrated that 
diazonium chemistry occurs at completely random atomic sites on a SWCNT 
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sidewall.69 The covalent modification of even a single site results in a substantial 
drop of electrical conductivity70 and stepwise quenching of exciton fluorescence 
in semiconducting nanotubes.69  
Scheme 3-1. Schematic illustration of the recycling, reductive alkylation of 
SWCNTs. 
 
Here, we show that the Billups-Birch reductive alkylcarboxylation,124 a 
variant of the nearly century-old Birch reduction chemistry,125,126 occurs on 
SWCNTs exclusively, to the extent observable in our experiments, by reaction 
propagation from existing defects—the edge of the π-electron sea. Carbon 
nanotubes were homogenously dispersed in an ammonia s lution of solvated 
electrons and covalently functionalized by alternating he addition of sodium and 
various alkyl halide reagents in a recycling procedur  (Scheme 3-1). 
Mechanistically, it is believed the reduced CNTs engage in single-electron 
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transfer to the alkyl halide reagent, homolytically cleaving the halide and 
generating a highly reactive alkyl radical that attaches to the nanotube surface 
(Equation 3-1).125   The propagation mechanism of this chemistry makes it 
possible to progressively add new functional groups to the graphitic lattice 
without nucleating unintended new defects. This defect-activated chemistry bears 
a remarkable similarity to the high reactivity of nanotube ends112,127 and step 
edges in surface science.128,129 Confinement of the reaction to carbon nanotube 
“sp3 step edges” leads to reaction fronts initiated at efect sites that ultimately 
propagate along the tube at a constant rate. 
 
 
Materials and Methods 
 
Two SWCNT materials, HiPco (Rice University) and (6,5)-enriched 
CoMoCat (Southwest Nanotechnologies, Inc.), were used in this study. HiPco 
SWCNTs were purified using a one-pot purification method130 and CoMoCat 
SWCNTs were used as received. All other reagents were purchased from Sigma-
Aldrich and used without further purification. 
Synthesis of HiPco-[(CH2)5COONa]n  
 
In a typical experiment, purified HiPco SWCNTs (10 mg, 0.83 mmol of 




bottom flask fitted with a dry-ice/acetone condenser. 75 mL liquid ammonia was 
condensed into the flask followed by addition of sodium (0.029g, 1.25 mmol), 
which spontaneously produced a blue color owing to solvated electrons. After 
stirring for 10 minutes, 6-bromohexanoic acid (0.975 g, 5.00 mmol) was added 
and the mixture was stirred overnight while the liquid ammonia evaporated. 
Subsequently, 100 mL nanopure water was added to the flask and briefly 
sonicated. The functionalized SWCNTs were collected over a 0.8 µm ATTP 
membrane (Millipore), re-dispersed in water and repeatedly extracted with hexane 
(20 mL) in a separatory funnel to remove salts. Thehexane layer was filtered 
through a 0.8 µm ATTP membrane forming a buckypaper of functionalized 
SWCNTs, which was washed with ethanol and water and drie  overnight in a 
vacuum oven at approximately 80°C. 
For multiple reaction cycles, the previously functionalized SWCNTs were 
used as starting materials. Sodium and 6-bromohexanoic cid were alternately 
added into the flask at each reaction cycle (Scheme 3-1). After the first cycle, 
extra sodium was added to balance the loss due to the reactive –COOH groups. 
For each cycle, the solution was allowed to react for 1 hr. 
Synthesis of CoMoCat-[(CH2)5COONa]n, CoMoCat-[(CH2)5CH3] n and 
CoMoCat-[H]n 
 
CoMoCat SWCNTs (20 mg,1.67 mmol) were exfoliated in 75 mL liquid 
NH3 by sodium (0.058g, 2.5 mmol), and subsequently reacted with 6-
bromohexanoic acid (0.650 g, 3.33 mmol), 1-iodohexan  (0.706 g, 3.33 mmol), or 
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methanol (0.533 g, 16.67 mmol). Up to 40 reaction cycles were carried out using 
the same procedures as described above.   
3-Cycle reaction and water extraction 
 
Water extraction experiments were carried out on a 3-cycle functionalized 
HiPco-[(CH2)5COONa]n sample, beginning with 52 mg of purified HiPco-
SWCNTs. After functionalization, the black solid was dispersed in 80 mL basic 
water (pH=10.5). 10 mL hexane was then added to the dispersion and the mixture 
was shaken vigorously. After phase separation, the aqu ous phase was collected. 
The hexane layer of SWCNTs was filtered over 0.2 µm GTTP Isopore membrane 
(Millipore). This extraction process was repeated to produce 13 bottles of water 
soluble SWCNT solutions, the last third of which exhibited the optical properties 
as shown in Figure 3-4. 
Solubility measurement 
 
The water solubility was measured by centrifugation in conjunction with 
UV-Vis-NIR spectroscopy. The solid samples were disper ed in basic water (pH 
= 10) by bath sonication for 1 hr. Then the aqueous solutions were centrifuged on 
a Beckman Coulter Microfuge 16 centrifuge at 1919g until the supernatant 
reached a stable, isotropic phase showing no further decrease in absorbance. 
Spectroscopy characterization 
 
Raman scattering spectra were collected on a Horiba Jo in-Yvon 
LabRAM HR-VIS microRaman system with a helium neon laser excitation 
source. Lower power density (~0.1 mW/µm2) was used to exclude laser induced 
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thermal effects.131 UV-Vis-NIR spectra were measured using a Perkin Elmer 
Lambda 1050 spectrophotometer. Excitation-emission maps were measured with 
a Horiba Jobin Yvon NanoLog spectrofluorometer using a liquid nitrogen-cooled 
InGaAs detector array. For Fourier transform-Infrared (FT-IR) analysis, the 
functionalized SWCNTs was acidified with 0.5 M HCl to ensure termination with 
-COOH rather than -COONa. A Jascob FT/IR-4100 Spectrometer with an ATR 
accessory was employed to record the FT-IR spectra. 
Au-Substrated Enhanced Scanning Electron Microscopy 
 
The water soluble SWCNTs were drop-cast on a gold-on-silicon substrate, 
air dried, and then rinsed with water to remove salts. SEM was performed on a 
Hitachi SU-70 Schottky field emission gun SEM operating at an accelerating 
voltage of 1 kV with an emission current of 34-35 µA.  
Atomic Layer Deposition 
 
Al 2O3 was grown on SWCNT-[(CH2)5COOH]n drop-cast on an SPI lacey 
carbon copper grid using a BENEQ TFS 500 ALD reactor. Trimethyl aluminum 
(TMA) and de-ionized water were supplied as alternate 250 ms pulses from room 
temperature ampoules, separated by 500 ms N2 system purges with the reactor 
temperature at 150°C. These conditions yielded a growth rate of ~1.0 Å/cycle 
which was consistent with literature values.132 TEM was performed on a JEOL 






TGA experiments were performed on a TA Instruments Q500. In TGA 
analysis, the sample was held at 100 °C for 30 min,ramped 10 °C min-1 to 800 
°C, and then held at 800 °C for 30 min., The carbon/functional group ratio or 
functional density was calculated according to the weight loss, which can be 
attributed to the thermally cleaved organic functional groups For example, for 
HiPco-[(CH2)5COOH]n after 1 cycle of functionalization, the weight loss was 
25.07%, corresponding to a functional density of 3.45% or one carboxyl group in 
every 29 nanotube carbons. This result is consistent with the previous findings.122 
After 20 cycles of functionalization, the weight loss was increased to 43.08%, 
corresponding to a functional density of 7.69 %. 
Results and Discussion 
“Banded” SWCNTs 
 
The sp3 defect propagation mechanism is most directly illustrated by the 
creation of “banded” SWCNTs. These SWCNTs feature with alternating 
segments of functionalized (sp3 hybridized) and intact regions (which remain sp2
hybridized) created through reaction propagation that starts at defects initially 
present in the nanotubes or introduced during the H2O2/ Cl purification process 
(Figure 3-1A).130 We were able to simultaneously resolve the functioalized and 
intact regions along the same nanotube by substrate-enhanced scanning electron 
microscopy.133 When such functionalized nanotubes were deposited on a gold 
substrate and imaged with an SEM electron beam at 1 kV, we observed regular 
alternation of bright and dark contrast along the nanotube length (Figure 3-1B). 
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The sharp image contrast arises from a substantial i crease in the yield of 
secondary electrons at 1 kV due to covalent modificat on of the nanotube in 
greater contrast with the surrounding pristine SWCNT and gold substrate 
materials. After annealing the samples at 750 oC under flowing Ar/H2 for 1 hr, 
which fully recovered the pristine structure of thenanotubes, the banding 
structures were lost and the images showed the samecontrast as those of raw 
nanotubes (Figure 3-1C). The brighter regions exhibit a contrast comparable to 
those of microcontact-printed 16-mercaptohexadecanonic acid on a gold substrate 
(Figure 3-1D). Based on these observations we can un mbiguously attribute the 
bright regions to alkylcarboxylic acid groups and the darker regions to intact 











Figure 3-1. Functional bands on SWCNTs. (A) Schematic illustration of reaction 
propagation initiated at sp3 defect centers that ultimately propagate along the 
tubular direction, creating sp3 bands of functional groups. (B) Alkylcarboxylated 
nanotubes on a gold substrate imaged using an SEM operated at 1 kV. The dark 
and bright regions closely resemble (C) pristine nanotubes and (D) patterned 
carboxylic acids, respectively. (E) High resolution TEM image of an individual 
SWCNT-[(CH2)5COOH]n coated with Al2O3 by –COOH selective atomic layer 




Scheme 3-2. An illustration of the growth of Al2O3 from a carboxylic acid 
functional group on the CNT surface with self-limiting, cycled ALD chemistry 
(Equation 3-1). 
 
With the aid of atomic layer deposition (ALD), the position of 
alkylcarboxylic functional groups can also be observed by TEM. ALD is a self-
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limiting chemical vapor deposition process that is used to grow metal oxides in 
discrete, atomic thick layers (Equation 3-1). Normally, the functional groups 
alone are too small to observe with electron microscopy, however by using ALD 
to nucleate Al2O3 from these acid moieties we are able to amplify the visual 
impact of functional groups through the defect-taggin  oxide layer. Using this 
method, we observed that the Al2O3 coated extensive regions of the 40 cycle 
functionalized nanotubse in discrete bands, though small segments of intact 
nanotubes (5 – 10 nm) were still frequently observed without an oxide layer 
(Figure 3-1E).  
 
Because this ALD chemistry is self-limiting and chemically selective to 
reactive functional groups (here carboxylic acids),134–136 the discrete Al2O3 
coating (Scheme 3-2) reflects the clustered distribution of the functional groups,  
–(CH2)5COOH, along the nanotube. Figure 3-2 provides the complete spread of 
the ALD/functional group tagging experiment, in whic  different numbers of 
ALD cycles were used to grow increasing thickness of Al 2O3 from the carboxylic 





Figure 3-2. TEM images of (A) Non-functionalized, (B) 40 cycles Billups-Birch 
hexanoic acid functionalized SWCNTs before and after (C) 10 and (D) 50 cycles 




Two distinct modes of defect propagation were revealed in the length 
distribution of the SEM-resolved intact segments and functional bands (Figure 3-
3). The intact segments (124 ± 27 nm in length) follow a broad, Gaussian length 
distribution, suggesting a random spatial distribution of initial defects on the 
pristine nanotubes, as expected. The average pitch is found to be 212 ± 48 nm 
(this is a lower bound limit, since two or more defects in proximity can develop a 
merged functional band). This low defect density is corroborated with negligible 
weight loss at elevated temperatures due to decomposition of the functional 
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groups, low disorder peak in Raman spectra, and bright fluorescence from 
individually dispersed pristine nanotubes. In contrast to the intact segments, the 
functional bands have much narrower distributions. We found that more than 80% 
of the 81 nanotube ends identified by SEM imaging had a functional band. These 
end functional bands extend 53±19 nm on average after three reaction cycles, 
which is approximately half the length of bands located along the nanotube 
sidewall (88±21 nm).  This strong length correlation arises because a defect on the 
nanotube sidewall will allow the propagation to occur in both directions equally, 
while there is only one possible direction to propagate from a SWCNT end, the 
natural defect in the π-electron sea.  Note that a reaction cycle in the reductive 
alkylcarboxylation is limited by the reductant (solvated electrons) which can be 




Figure 3-3. Two modes of propagation revealed in the length distributions of 
intact segments and functional bands. The lengths were extracted from SEM 
images of the same alkylcarboxylated nanotube sample. The sample sizes are 82, 
73, and 38, respectively. The curves were fitted with Gaussian, log-normal, and 
log-normal functions with peaks at 124±27, 88±21, and 53±19 nm, respectively. 




The covalently functionalized SWCNTs retained some of the optical 
properties of SWCNTs (Figure 3-4). Optical properties of nanotubes are often 
completely lost due to covalent modification of theel ctronic band structures by 
even a small number of defects.60,69 A defect density of ~1/10,000 (~0.001%) is 
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typically sufficient to completely quench nanotube fluorescence.69 Partial 
retention of the van Hove optical absorption60 and exciton fluorescence69 
properties was made possible here even at a high degree of functionalization (~45 
functional groups per 1000 carbons) because of clustered distribution of the –
(CH2)5COOH functional groups along the nanotube length, leaving intact regions 
of sp2-hybridized carbons with sustained band structures (Figure 3-1A and B).  
Figure 3-4. (A) Visible-NIR absorption spectrum and (B) excitation-emission 
map of 3-cycle HiPco-SWCNT-[(C2H5)5COOH]n in comparison with (C,D) the 
starting, non-functionalized nanotubes, which were individually dispersed in D2O 
solutions of 1wt% SDBS. The van Hove singularity transitions apparent in the 
absorption spectra from different nanotube chiralites are retained even after 
covalent functionalization. The photoluminescence properties are retained as well. 
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This propagation chemistry has allowed us to produce water soluble 
nanotubes (up to 3,380 mg/L) after 40 cycles of reaction (Figure 3-5), 
approaching the solubility achieved only in chlorosulfonic superacid.137 This high 
water solubility was previously unexpected.111,138  
 
Figure 3-5. (A) Water soluble SWNT-[(CH2)5COONa]n. Under solvation 
competition between water and hexane. (B) Determination of water solubility of 
nanotubes by optical-centrifugation. UV-Vis-NIR spectra of 20-cycle-
functionalized SWNTs-[(CH2)5COONa]n before and after c ntrifugation at 5100 
rpm (1919 g). The saturated nanotube solution was dilute  10 times before the 
centrifugation. 
 
We propose a simple kinetic model to account for the observed 
propagation of functional bands (Figure 3-6). For free propagation from a point 
defect without any constraint, the number of reaction sites at the reaction front 
will continuously accelerate as the “sp3 step edge” expands. A transition occurs at 
a propagation length equal to the circumference of the nanotube, and then at 
which point propagation becomes confined in a banded morphology down the 
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length of the tube. The reaction rate becomes constant after the propagation 
reaches a critical length, lc ~ 1.5πd, where d is the nanotube diameter – the 
ultimate limit of the sp3 step edge. For a 1 nm diameter SWCNT, this simple 
model shows that the propagation becomes confined as the reaction expands 
beyond approximately 5 nm from a defect center. From the nanotube end 
functional bands, we estimate that the propagation rate is 18 ± 6 nm per reaction 
cycle under the experimental conditions investigated.  
 
Figure 3-6. A kinetic model of reaction propagation from a point defect on a sp2 
bonded carbon lattice. (A) Schematic illustration of the propagation front. For 
clarity the functional groups are omitted. Note that for most chemistry only a 
small fraction of carbon sites within the functional b nd are functionalized. (B) 
Propagation with confinement to the nanotube cylinder (solid lines) vs. free 
propagation on an infinite sheet (dotted lines). The sites at the reaction front (red 
diamond) and total reacted sites (blue open circles) are computed based on 
geometric considerations for a 1 nm diameter nanotube. For the defect-activated 
reaction, the reaction rate is proportional to the number of sp3 defect centers 
available at the reaction front, which initially increases linearly with propagation 
length. At a higher degree of functionalization, specifically when the propagation 
length reaches the circumference of the nanotube πd, the reaction propagation 
becomes confined to the direction along the nanotube. The degrees of freedom for 
propagation along the nanotube circumference are completely lost at a critical 
propagation length lc,~1.5πd, after which the reaction rate becomes a constant.  
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To more quantitatively describe this picture of reaction propagation, we 
calculate the relative probability of propagation with respect to the spatially 
random addition of new functional groups (nucleation). This relative probability 
defines the “purity” of reaction propagation. We can experimentally determine 
this parameter by estimating the lower limit number of functional groups within a 
functional band compared to random nucleation, if any, in the intact segments as 
reflected by fluorescence. For the SEM-resolved bands of a 3-cycle carboxylic 
acid functionalized sample (Figure 3-1B), the corresponding average functional 
density, or the percentage of nanotube carbon atoms that are covalently 
functionalized, was ~4.5% based on the weight loss of functional groups at 
elevated temperatures under argon by TGA (Figure 3-7). Given average lengths of 
88 and 124 nm functionalized and intact regions respectively, the functional 
density within the band can be calculated as at leas 12%, suggesting only a 
fraction of the carbons within the band were functionalized. As such, an 88 nm 
band contains more than 1300 functional groups on average for a 1 nm diameter 
SWCNT. At this degree of functionalization, the nanotubes fluoresced with a 
relative quantum yield that is 25% that of the initial starting nanotubes (Figure 3-
4). Since a single defect can quench the exciton fluorescence as the exciton 
diffuses over 90 nm during its lifetime,69 no more than 1 random nucleation on 
average should have occurred within the intact segments (124 ± 27 nm). Taken 
together, the relative probability of propagative functionalization is at least 1300 
times higher than random nucleation. This spatial selectivity is more than 600 
times higher than for diazonium chemistry, the only other covalent addition 
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chemistry whose spatial selectivity on carbon has been quantified.122 It is 
important to note that banding has been observed prviously with scanning 
tunneling microscopy on fluorinated nanotubes,139 but the fluorination bands are 
densely spaced (pitch < 10 nm vs. the observed ~ 210 nm in this study), 
suggesting substantial contamination by random nucleation even if fluorination 
chemistry partially follows the propagation mechanism proposed here. 
 
Figure 3-7. TGA of 15 cycle functionalized HiPco-[(CH2)5COOH]n .  
 
We repeated the reaction up to 40 cycles on CoMoCat (6,5) SWCNTs and 
characterized the functionalized nanotubes with correlated TGA, Raman 
spectroscopy, FT-IR, and water solubility measurements. The FT-IR spectra 
unambiguously confirmed the rise of various IR peaks fter functionalization that 
are characteristic of C-H (2800-3000 cm-1, C-H stretch; 1415 cm-1, C-H bending) 
and –COOH moieties (1709 cm-1, C=O stretch; 1260 cm-1, C-O stretch). The C=O 
stretching mode grew consistently with increasing de rees of functionalization, in 
stark contrast with the featureless IR spectrum of the pristine SWCNT control 




Figure 3-8. FT-IR of SWNT-[(CH2)5COOH]n showing increased IR absorbance 
for –COOH and C-H from starting material (black curve), after 1 cycle of 
functionalization (blue curve) and 33 cycles of functionalization (red curve). 
 
Consistently, the functional density grew linearly with increasing reaction 
cycles, as predicted by our confined propagation model. We found this reaction 
propagation mechanism to hold for other functional groups as well. For all three 
groups investigated, including –(CH2)5CH3, -(CH2)5COOH, and –H, Raman 
spectroscopy revealed similar trends of reaction prpagation (Figure 3-9) and 
similar banding structures were found by SEM (except –H).133 Covalent sidewall 
chemistry introduces sp3 defect centers, which decrease the Raman oscillator 
strength of the tangential modes around 1500-1600 cm-1 (G bands) and give rise 
to the so-called D band (around 1350 cm-1).99 This effect allowed us to use the 
D/G ratio (peak area ratio between the D-band and the G-bands) to follow the 
reaction progress (Figure 3-9C). For the first 3-5 cycles of reaction, the D/G ratio 
rose exponentially, corresponding to the initial propagation from the sp3 defect, 
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sites which quickly convert a long nanotube into shrter segments from the 
Raman perspective. This result is consistent with previous observations from 
length sorted SWCNTs that the D/G ratio rises inversely as a function of nanotube 









0 . This trend reflects a constant growth of the number of defects (x), 
which contributes to the increase of the D-band (D) and simultaneous decrease of 
the G-band (G) intensity at relatively constant weights (a/b), a feature made 








Figure 3-9. Evolution of Billups-Birch reductive addition. Correlated (A) Raman 
spectra, (B) degree of functionalization as determined from weight loss in TGA, 
and water solubility (B, inset) as a function of reaction cycles for a HiPco 
SWCNT sample after 0 to 20 cycles of functionalization with Br(CH2)5COOH. 
The excitation line was 632.8 nm. The degree of functio alization increased 
linearly with reaction cycles. The functionalized nanotubes became water soluble 
at a threshold functional density of approximately 3.5% and thereafter increased 
linearly as a function of reaction cycle. (C) Effect of terminating groups on the 
reaction propagation probed with Raman spectroscopy. (6,5) enriched CoMoCat 








What is the chemical nature of the initial defects? We do not yet have the 
experimental means to answer this important question, partly because the initial 
defect density, approximately 1/10,000 (the fluorescence limit)69 to 1/30,000 
(average pitch of functional bands). However, the observed progressive 
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these functional groups can act as new defect centers for continued propagation of 
the reaction fronts.  
 
 
Figure 3-10. Optimized structure of a (5,5)-SWCNT with a covalently bonded -
(C2H5)5COOH group. The added electrons are largely localized on the highlighted 
carbon atoms. 
 
To simulate the electronic effects of a single sp3 defect, we performed 
density functional theory (DFT) calculations on -(CH2)5COOH group 
functionalized (5,5)-SWCNT (Figure 3-10) and (10,0)-SWCNT using periodic 
boundary conditions. We have used the generalized gradient approximation of the 
Perdew-Burke-Ernzerhof142 functional, a double-ζ basis set, and the standard 
norm-conserving Troullier−Martins pseudopotentials.143 A Mulliken population 
analysis shows that the charges are localized in the carbons around the sp3 defect 
and the remaining atoms have almost negligible, charges (Table 3-1, Tables 3-2 
and 3-3 in Appendix 1). When more electrons are added to the nanotube, as in the 
Birch reduction, the most significant charges are trapped around the defect site. 
This electronic effect extends as far as another carbon bond beyond the rings to 
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which the functional group is attached. These results suggest that the observed 
propagation phenomenon originates from two effects: (1) electrons are trapped 
around the defects; (2) the trapped electrons promote localized Birch reductive 
addition. These are essentially the same rules that govern the regioselectivity of 
the Birch reduction in small aromatic compounds such as anisole.144 In an 
electron-delocalized system as large as a carbon nanotube, the Birch reduction 
occurs by propagating the reaction fronts at the edge of the electron sea. 
 
(5,5)-(CH2)5COOH neutral  -1 charge  -2 charge  
defect site 0.12 0.13 0.13 
C1 -0.04 -0.07 -0.08 
C2 -0.02 -0.05 -0.06 
C3 -0.02 -0.05 -0.06 
(10,0)-(CH2)5COOH       
defect site 0.12 0.13 0.13 
C1 -0.04 -0.06 -0.07 
C2 -0.01 -0.02 -0.02 
C3 -0.04 -0.06 -0.07 
 
Table 3-1. Net atomic charges around a sp3 defect site from Mulliken population 
analysis of a SWCNT with a covalently bonded –(CH2)5COOH group. Carbon 
atoms not listed have a charge close to zero, being as high as -0.01 e, and -0.02 e 
charges for neutral, -1, and -2 carbon nanotubes. For the complete set of atomic 




 SWCNTs were covalently functionalized with a variety of organic groups 
using the Billups-Birch reductive alkylation chemistry. This chemistry is capable 
of significantly increasing the functional degree and disrupting attractive inter-
tube van der Waals forces which enables the modified SWCNTs to attain high 
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water solubility after sufficient reaction cycles. Functional groups were attached 
to the nanotube sidewalls in a banding pattern, as observed via a combination of 
SEM and Al2O3 tagged functional groups in conjunction with TEM. This 
observation suggests that this chemistry propagates along the nanotube from pre-
existing defects. We note that this propagation chemistry is ideal for retaining the 
optical properties that are associated with intact sp2 hybridized carbon atoms. 
Limiting functionalization to discrete zones thus retains tracts of graphitic carbon 
that exceed the exciton diffusion distance (~90 nm),69 and enable photon 
absorption and subsequent radiative recombination for important near-IR 
photoluminescence properties.  
Interestingly, our laboratory has also found alternative uses for this type of 
functional morphology, including the development of heterogeneous electrodes 
for lithium ion batteries in which silicon is deposited by low-pressure CVD onto 
the banded, functionalized CNTs. The functionalized surfaces provide superior 
adhesion of silicon due to enhanced surface energy interactions of the amorphous 
silicon to the sp3 carbon functional groups. Ideally, this silicon-CNT morphology 
should help prevent lithium ion battery failure associated with silicon volume 
changes and delamination from the current collector (the CNT in this case).145  
DFT modeling suggests this propagation mode of functio alization is a 
result of the localization of electrons surrounding sp3 defects after chemical 
reduction of the SWCNT using solvated sodium in liquid ammonia. The trapping 
of electrons at these defect sites serves to promote the single electron transfer 
reaction that generates the reactive radicals from added alkyl halide reagents and 
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thus increasing the likelihood of covalent addition within the vicinity of the sp3 
defect site.  
 This electron localization is related to the perturbation to the CNT 
electronic energy structure after covalent functionalization. DFT computational 
modeling suggests that the introduction of an sp3 carbon defect in the extended 
sp2 graphitic lattice splits the van Hove singularities which creates a new, defect 
activated intra-bandgap electronic energy level.72 This defect state has been 
observed empirically as redshifted photoluminescence after the incorporation of 
defects in the nanotube sidewalls.72,73,146 An energy state that resides below the 
E11 excitonic state could also serve as a trapping state or potential well-like 
deviation within the extended nanotube electronic structure. Such a trapping state 
could be capable of capturing excess electrons that promote the propagative 
chemistry we have just discussed. 
 We observe that the propagative Billups-Birch reaction not only enables 
the retention of desirable optical properties, but also generates new optical 
features. Specifically, we will discuss how defect a ivated potential wells in the 
electronic structure of SWCNTs under conditions which are highly doping result 
in the formation of charged excitons, also known as trions, which radiatively 






Chapter 4:  Trion Photoluminescence of Covalently 
Functionalized, Semiconducting carbon nanotubes  
 
Adapted from Brozena, A.H.; Leeds, J.D.; Zhang, Y.; Huang, J.; Ng, A. Fourkas, 
J. T.; Wang, Y.H. to be submitted.147 
 
A.H. Brozena synthesized all the samples, dispersed them and took the Raman, 
absorbance, and photoluminescence spectroscopy includi g the data forming the 
van’t Hoff plot. J.D. Leeds dispersed many of the samples, measured the van’t 
Hoff plots, fit the cubic spline curve to the positive trion photoluminescence 
samples for background correction. Y. Zhang established the defect activation of 
the E11





Charged excitons, or trions, are quasi-particles that are composed of two 
electrons and one hole (or vice versa). Trions were theoretically predicted in 
semiconductor materials several decades ago74 and were first observed in 
quantum dots in the 1990s.75,76 Predictions suggested that trions should also be 
stable in SWCNTs,148 which was verified by recent observations.149–151 Strong 
Coulomb interactions occurring in such low-dimensioal systems increase the 
trion binding energy (the energy required to strip the extra carrier from the 
exciton), making it possible to differentiate trion a d exciton relaxation in the 
photoluminescence spectra of  quantum-confined structu es.152  
Trion photoluminescence in SWCNTs has been observed under conditions 
that promote excess charge carriers. These excess carriers are necessary to 
generate the tri-carrier species after photoexcitation, which has been 
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accomplished by chemical or electrochemical doping techniques149,150 and multi-
exciton generation using high-power lasers.151  In all cases, SWCNT trion 
emission was found to be chirality dependent and was redshifted from the E11 
exciton photoluminescence.149–151,153 This redshift could have important 
implications for bio-imaging18 and  bio-sensing154,155 applications of SWCNTs in 
the near-IR, tissue-transparent window.19,78  
 
Figure 4-1. DFT modeling reveals the splitting of the energy states that make up 
the SWCNT E11 transition as covalent functionalization increases.
72 
 
Here, we show for the first time that trion photoluminescence can occur 
with high stability in covalently functionalized SWCNTs, in which controlled sp3 
defects have been introduced into the sp2 carbon lattice. SWCNTs were 
covalently functionalized by two distinct methods: Billups-Birch propagative 
sidewall alkylcarboxylation chemistry using sodium charged liquid 










156 Trion photoluminescence is observed as a new peak in the emission 
spectra of individually-dispersed, covalently functionalized (6,5) SWCNTs. This 
new peak is redshifted by ~260 meV from the E11 transition. It was monitored as 
covalent functionalization and doping conditions were changed, revealing a strong 
defect dependence that is distinct from previous observations of SWCNT trions. 
This new emission was observed for multiple covalent chemistries, which 
suggests a potentially universal behavior for covalently functionalized and doped 
SWCNTs. 
These observations can be understood in terms of the simultaneous 
trapping of excitons and electrons or holes at controlled sp3 defects on the 
SWCNT sidewalls. At low densities, these functional defects split the doubly 
degenerate frontier molecular orbitals to create localized potential wells at defect 
sites along the nanotube. These defect states trap excitons and result in defect-
dependent photoluminescence that is red-shifted from the E11 transition for (6,5) 
SWCNTs (Figure 4-1).72,73 These defect states trap excitons and result in a defect-
dependent photoluminescence that is redshifted fromthe E11 transition for (6,5) 
SWCNTs.72,146 Our previous study on “banded” functionalized SWCNTs also 
suggests that electrons added into the system by chemi al reduction are 
preferentially localized at these same types of covalent defect sites in the 
nanotube carbon lattice.71  
Due to the combination of functionalization and doping, an exciton in a 
covalently functionalized SWCNT has three different radiative pathways (Scheme 
1): A) recombination within the non-functionalized regions of the SWCNT, 
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leading to retention of E11 photoluminescence, B) trapping at a non-doped defect 
site, resulting in the previously observed defect-activ ted, redshifted 
photoluminescence, denoted E11
-,72,146 or C) under highly reducing or oxidative 
conditions, diffusion to an electron- or hole-doped defect site, forming a trion that 
decays to produce the photoluminescence peak, ET. The ET is even further 
redshifted than E11
- due to the lowering of the trion energy relative to the defect-
induced potential-well energy.  
 
Scheme 4-1. Proposed exciton diffusion pathways of a functionalized carbon 
nanotube under reducing conditions. Energy level diagrams for (A) the non-
functionalized (B) non-doped and (C) doped defect sites. Ground state energy 
levels are not absolute and are pictured to illustrate the relative energy differences 
among the different excited levels. The observed emissions occur from the E11, 
the defect activated E11
- and the ET trion photoluminescence transitions, 
respectively. The dashed lines of the doped energy l vel diagram (C) corresponds 
to the trion energy at non-perturbed (red) and defect sites (black) in which the 
defect generated trion energy level is depressed by approximately the same 
amount of energy as the difference between the E11 and E11




We seek to understand the effects of covalent functio alization and doping 
on the electronic structure of semiconducting SWCNTs based on changes to the 
optical spectra. SWCNTs that are functionalized using highly reducing or 
oxidative conditions exhibit new photoluminescence peaks that are consistent 
with the formation and relaxation of trapped trions. This unexpected phenomenon 
provides a spectral feature that allows one to probe covalent defects in 
semiconducting SWCNTs. 
Materials and Methods 
Covalent Functionalization Chemistries 
 
All reagents were purchased from Sigma Aldrich unless stated otherwise. 
CoMoCat (6,5) SWCNT’s (SouthWest NanoTechnologies) were functionalized 
with hexanoic acid groups by cycling the Billups-Birch reduction 1 to 3 times 
using sodium (99%) and 6-bromohexanoic acid (97%) in liquid ammonia (Airgas, 
99.9%) condensed by an acetone/dry-ice bath, followed by purification with 
nanopure water as per our previously published procedure71 without aqueous 
extraction. (6,5) SWCNTs were also reduced using the Billups-Birch conditions, 
but without functionalization, by dispersing the starting material in liquid 
ammonia with sodium overnight. Functionalized or pristine SWCNTs were 
dispersed in oleum for 4 hrs and washed with copious water until the filtrate pH 
returned to neutral.  
4-nitrobenzene functionalized SWCNTs were synthesized using two 
different diazonium chemistries. The first reaction was an in-situ method in which 
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SWCNTs are individually dispersed in oleum (100%, 20% free SO3) along with 
4-nitroaniline (99+%), sodium nitrite (≥97%) and 2,2′-azobis(2-
methylpropionitrile) (98%).156 The functionalized sample was purified by 
quenching and washing with excess water and ethanol. After oven-drying, the 
sample was reduced by 0.75 or 1.5 mole equivalents of sodium (with respect to 
moles of carbon) in liquid ammonia and purified thefollowing day using the same 
procedure as was used for the purification of Billups-Birch alkylcarboxylated 
samples. 
The second diazonium reaction employed 4-nitrobenzene diazonium as 
previously reported.157 CoMoCat(6,5) SWCNTs were individually dispersed in 1 
wt% SDS-D2O solution at a concentration of  
30.2 mg/L. The SWCNTs were then functionalized by stirring the dispersed 
nanotubes with the freshly synthesized 4-nitrobenzene diazonium compound in a 
mole ratio of 300:1 for 24h in a light-shielded bottle o prevent degradation of the 
diazonium material.  After 24 hrs, the solution was added to ethanol to remove 
surfactant and subsequently filtered, washed and oven-dried at 80 °C overnight.  
Part of the diazonium functionalized (6,5) SWCNTs were re-dispersed in 1 wt% 
SDBS-D2O, the rest was reduced using the Billups-Birch conditions in 
approximately 35 mL liquid ammonia.  The reduced materi l was purified and 







For spectroscopic analysis, all samples were dispersed in 1 wt% SDBS 
{Hard type, TCI-Japan}-D2O (99.8% Cambridge Isotope Laboratories, Inc.) by 
probe-tip ultrasonication using a Misonix S-4000 Ultrasonicator (Farmingdale, 
NY)  at an average power of 33W for 2 hrs in a water cooled, stainless steel 
beaker, followed by ultracentrifugation with a Beckman Coulter Optima LE-80K 
Ultracentrifuge (Brea, CA) at 61,034g for 2 hrs to remove bundles.  For the 
aqueous phase diazonium chemistry, SWCNTs were dispersed in 1 wt% SDS-
D2O using the same procedure. 
All surfactant dispersed samples were diluted to an optical density of 
approximately 0.2 at the (6,5) E11 absorption peak and monitored with a Perkin 
Elmer Lambda 1050 UV-Vis-NIR spectrometer (Waltham, 
MA) and a Horiba Jobin Yvon NanoLog Spectrofluorometer (Edison, NJ).  The 
970 nm excitation wavelength was produced using an external diode laser and a 
Thorlabs 1050 nm long pass filter (Newton, NJ). For Raman spectroscopy, 
surfactant was removed from the dispersed samples by immersion in ethanol, 
followed by drop-casting the flocculated material on a microscope slide.  Raman 
scattering was taken on a Horiba Jobin Yvon LabRAM HR800 Raman 
microscope (Edison, NJ) by averaging spectra from three different spots of the 
dried sample.   
The van’t Hoff plot was constructed by monitoring the integrated peak 
areas of the E11 and E11
- photoluminescence of the Billups-Birch reacted 
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CoMoCat(6,5) samples as temperature was adjusted via water cooling and under 
magnetic stirring of the sample. Cuvette temperature was ramped up and down 
between approximately 10-90 °C while the photoluminescence was monitored at 
discrete temperature points. Peak areas of E11 and E11
- emissions were fit using a 
Voigt area peak-shape with PeakFit v4.12 software.    
SWNT TFTs were constructed by adapting a previously e tablished 
procedure.26  1.0 mL of 1% SDBS-D2O dispersed functionalized or c ntrol 
CoMoCat (6,5) SWNT samples were vacuum filtered over 0.05 µm VMWP 
cellulose ester filter paper (Millipore), followed by 5 minutes drying with applied 
vacuum, washed with 30 mL nanopure water, and dried for an additional 5 
minutes over the filtration apparatus.  Thin films were then transferred to a silicon 
substrate by 1 hr compression and heating at 95 °C, followed by removal of the 
filter paper by applying an acetone vapor bath for approximately 24 hrs.  50 nm 
thick gold electrodes were thermally evaporated on the SWNT thin film with a 10 
nm chromium adhesion layer.  Devices were accessed u ing both a Keithley 4200 
Semiconductor Characterization System (Cleveland, OH) and a Desert 
Cryogenics TT Microprobe (Tucson, AZ) pumped down with a turbo-ion pump. 
 
Results and Discussion 
Photoluminescence of Negative Trions 
 
Hexanoic acid functional groups were covalently attached to CoMoCat 
(6,5) SWCNT sidewalls via propagative alkylcarboxylation using the Billups-
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Birch reduction.71,125 This chemistry was repeated as desired to increase the 
functional degree with each reaction cycle.72 
The functionalized samples were subsequently dispersed with 1 wt% 
sodium dodecylbenzenesulfonate (SDBS) in D2O for spectroscopic studies. 
Excitation of the (6,5) E22 transition (570 nm) revealed two new emission features 
at 1092 nm and 1225 nm (Figure 1). These peaks are labeled E11
- and ET and 
correspond to respective energy shifts of 136 and 262 meV from the (6,5) E11 
exciton transition (973 nm). As the functionalization degree increases with each 
alkylation cycle,71 E11 photoluminescence intensity becomes progressively 
weaker, while the relative intensity of E11
- and ET are maximized after 2 cycles.  
The absolute photoluminescence intensity decreases after 3 reaction cycles due to 
decreased SWCNT absorption with increasing covalent functionalization.72 
 
Figure 4-2. (A) Sidewall propagative alkylcarboxylation of (6,5) SWCNTs 
produces two new photoluminescence peaks, E11
- and ET, in addition to the E11 
exciton transition. The photoluminescence peaks are normalized by the E11 
intensity to show change in the ratio of E11
- and ET with increased 
functionalization degree/reaction cycle. (B) Excitation-emission 





- and ET emission is observed upon excitation of the E11 (970nm) 
or the E22 transition of (6,5) SWCNTs indicating that these two new peaks are 
generated by the (6,5) species (Figure 4-3). The weak emission features between 
1100-1200 nm of the non-functionalized SWCNT control sample arise from (8,4) 
and (9,2) SWCNTs also present in the starting material. Excitation wavelength 
studies rule out these impurities as the cause of the E11
- and ET peaks (Figure 4-4). 
These new photoluminescence features did not appear in the absorption spectrum 
of the functionalized SWCNTs (Figure 4-5).    
 
Figure 4-3. Photoluminescence emission spectra of 3 cycles Billups-Birch 
alkylcarboxylated SWCNTs using 970 and 570 nm excitation wavelengths 
(corresponding to the E11 and E22 (6,5) transitions respectively), normalized to the 





Figure 4-4. Emission spectra of (A) alkylcarboxylated SWCNTs after 3 cycles of 
the Billups-Birch alkylcarboxylation and (B) pristine SWCNTs.  Excitation line 
dependence confirms that the E11
- and ET features are excited at the same 
wavelength as the E11 transition, as all three peaks come into resonance t 565 nm 
(the (6,5) E22 excitation wavelength). Changing the excitation wavelengths for the 
pristine SWCNT material does not reveal either the E11
- or ET peaks, indicating 










Figure 4-5. Photoluminescence and absorption spectra of SWCNTs 
functionalized by 1 cycle of the Billups-Birch alkycarboxylation reaction. 
Resonant excitation at E22 of sidewall alkylcarboxylated (6,5) SWCNTs produces 
photoluminescence features at E11, E11
-, and ET (red), but these new features do 
not appear in the absorption spectra (black). 
 
A previous study of this same reaction by Zhang et al. revealed the 
addition of covalent defects to the nanotube sidewalls using Raman spectroscopy. 
Density functional theory (DFT) calculations demonstrated that this introduction 
of sp3 defects into the sp2 carbon lattice generated the E11
- photoluminescence due 
to the splitting of the E11 van Hove transition. This splitting results in an optically 
active intra-bandgap state that is redshifted from E11. Consistent with the 
computational results, the energy shift of the E11
- peak was found to depend on 
the identity of the functional group. 72   
This propagative alkylcarboxylation reaction uses sodium in liquid 
ammonia to reduce SWCNTs for electrostatic dispersion and to generate alkyl 
radicals for covalent functionalization by single-ectron transfer from the 
reduced nanotubes. It is therefore possible that this chemistry n-dopes the 
SWCNTs. Such doping is conducive to the formation of tri ns, which would be 
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redshifted from E11 in the photoluminescence spectrum.
150 To test this hypothesis, 
the Billups-Birch-functionalized SWCNTs were dispers d in oleum to counteract 
potential n-doping effects. The sample was washed with copious water to remove 
excess protons from the super-acid treatment, and then dispersed with 1 wt% 
SDBS-D2O for spectroscopic studies. 
 
Figure 4-6. Emission spectra of 1 wt% SDBS-D2O suspended (6,5) SWCNTs 
functionalized by hexanoic acid groups using the 3 cycles of the Billups-Birch 
reduction before (black) and after (red) dispersion in oleum show the change in 
the intensity of the ET peak as reducing conditions are removed. 
The resulting photoluminescence spectrum shows a striking decrease in 
the intensity of the ET peak that is also visible in the 3-D excitation-emission 
photoluminescence maps (Figure 4-6). However, the ret ntion of the E11
- defect-
activated peak indicates that the nanotubes are still functionalized after superacid 
treatment, although E11
- is redshifted by 45 nm relative to that sample that w s not 
treated with oleum (Figure 4-7). The increase in the E11 emission intensity after 
dispersion in oleum is consistent with a decreased doping concentration. SWCNT 
photoluminescence is well known to be highly sensitive to the presence of 
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dopants (Figure 4-6).16,150,158 Additionally, the absorption spectrum regains 
intensity after dispersion in oleum (Figure 4-8), which implies that dispersing the 
previously sodium-reduced SWCNTs in superacid helps to counteract the effects 
of electron doping and thus decreases dopant concentratio . The use of highly 
reducing conditions to generate the ET photoluminescence peak is consistent with 
the results of  recent SWCNT trion studies, which used a variety of in situ 
methods to dope suspended SWCNTs with excess charge c ri rs.149–151 Here, the 
change in intensity of ET after oleum dispersion strongly suggests that the cause 
of this photoluminescence is related to the SWCNT doping, which supports the 
assignment of this new peak as trion emission. 
 
 
Figure 4-7. An excitation study of the 3 cycle Billups-Birch functionalized, 
oleum treated sample indicates the position of the E11
- and ET peaks that come 
into resonance at the same excitation as the (6,5) E11 transition. The ET peak is 
greatly diminished in intensity compared to the functionalized sample alone 








Figure 4-8. UV-Visible-NIR absorption spectra of the Billups-Birch 
alkylcarboxylated SWCNTS before and after oleum treatment. The partially 
regained E11 and E22 transition intensity after oleum treatment suggests dopant 
concentration has decreased. 
 
Localized doping at covalent functional sites could also explain the 
observed redshift of the defect activated E11
- peak after oleum treatment as shown 
in Figure 4-6. The splitting degree of the E11 energy level as a result of sp
3 carbon 
atoms within the SWCNT sp2 lattice diminishes with distance from the defect 
site,72,73 creating a distribution of molecular orbitals that c n be filled upon doping 
by reductive chemistries such as the Billups-Birch, propagative 
alkylcarboxylation reaction used here. By dispersing these functionalized 
SWCNTs in oleum, the n-doped energy levels around the defect site become 
depleted, effectively lowering the possible energy level of the transition and 
resulting in the observed significant redshift of the E11







Figure 4-9. Dispersion of pristine SWCNTs in oleum or with sodium in liquid 
ammonia, without functionalization, fails to produce ET
 in the photoluminescence 
spectra. The convoluted peak between 1100-1200 nm is due to (8,4) and (9,2) 
species also present in the starting material. 
To test this defect hypothesis, non-functionalized, pristine SWCNTs were 
dispersed in either oleum or sodium and liquid ammonia alone without the 
addition of sp3 defects. No new peaks appeared in the photoluminesce ce spectra 
after this treatment (Figure 4-9). These controls indicate that defects are necessary 
for the successful reduction or oxidation of the nanotubes.  Simultaneous 
reduction  and functionalization of the SWCNTs  produces the trion peak, ET 
(Figure 4-2). However, when SWCNTs are reduced (or oxidized alone), without 
the addition or presence of defects (as shown by the lack of the E11
- peak and 
retention of E11), ET does not appear. This observation suggests that defects must 
either be simultaneously added during the reduction or be previously present to 
effectively dope the nanotubes. Doping is the ultima e requirement for trion 
generation.150 
In contrast to previous SWCNT trion reports, which used in situ doping 
techniques without covalent functionalization,149–151 the defect dependence of the 
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trion photoluminescence in this study is unique andis a possible cause of the 
observed trion emission stability. SWCNTs were doped during covalent 
functionalization, processed in water and air, and then spectrally probed. The ET
trion photoluminescence that is observed remains for everal months after 
dispersion. This trion longevity may be explained by defect-induced stabilization 
of the doped charge carriers. Our previous works has s own that a covalent defect 
can split the doubly degenerate E11 frontier molecular orbitals, creating a potential 
well in the bandgap of a SWCNT.72 This potential well state may trap charge 
carriers introduced by reduction, as suggested by DFT calculations.71 Such 
trapping provides energetic protection from subsequent oxidation under the 
aqueous purification conditions, and enables the trion o form upon exciton 
diffusion to this doped defect site. This trapping effect may also explain why trion 
photoluminescence is observed well after the doping event. 
The energy shift for the ET, trion peak (262 meV) is larger than was 
observed in previous SWCNT trion studies, which repo ted a shift of ~170-190 
meV relative to the E11 emission for the (6,5) nanotube chirality.
149–151 We 
hypothesize that the energy shift of the ET emission observed for our 
alkylcarboxylated sample is greater due to trapping of trions at the chemically 
implanted defect sites. We know that this covalent fu ctionalization splits the E11 
state that traps excitons, resulting in the red-shifted excitonic photoluminescence 
observed (the E11
- emission). Depression of this exciton level by trapping should 
similarly lower the trion energy level by approximately the same energy as long 
as the trion binding energy does not significantly change (as the trion state is 
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lower on the energy-scale compared to the exciton state by the amount of energy 
necessary to remove the extra carrier to form the exciton) (Scheme 1). Thus, we 
would expect that defect-bound trions to be red-shifted compared to previously 
observed, in situ trion photoluminescence, which has never been associated with 
covalent functional groups on the nanotube sidewalls.149–151 Determining the well 
depth corresponding to these defects should reveal whether this hypothesis is 
consistent with the observed increased trion energy shift. 
 
Figure 4-10. A van’t Hoff plot was used to derive an average well d pth of 75.3 ± 
4.6 meV/sp3 carbon atom for 3 cycle, Billups-Birch alkylcarboxylated (6,5) 
SWCNTs.  Three replicate experiments were used to measure the slope of the 
fitted line and provide an average value for the well d pth calculation. One plot is 
shown here as an example. 
A van’t Hoff plot constructed from the temperature dependent ratio of the 
E11 and E11
- peaks enabled us to derive a 75.3 ± 4.6 meV potential well depth for 
the implanted defects (Figure 4-10). Photoluminescence of the 3 cycle 
alkylcarboxylated SWCNT sample was monitored as temperature was ramped up 




integrated peak areas at different temperatures allow us to deduce the difference 
in energy between these two levels, which is effectiv ly the well depth created by 
the covalent defect that generates E11
-.73  Previous SWCNT trion shifts for the 
(6,5) chirality were reported to range from approximately 170 meV to190 
meV.149–151  An additional ~75 meV stabilization of the trion bi ding energy by 
lowering the singlet exciton energy level due to defect splitting accounts well for 
our observed 262 meV energy shift. This observation further supports our 
conclusion that the ET peak observed after SWCNT functionalization by reductive 
alkylcarboxylation is due to defect-activated trions. 
Photoluminescence of Positive Trions 
 
 
Figure 4-11. 3-D photoluminescence excitation-emission maps of (6,5) SWCNTs 
dispersed in 1wt% SDBS-D2O (A) before and (B) after covalent functionalization 
by 4-nitrobenzene groups using an in-situ diazonium chemistry in oleum. Two 
new peaks (E11
- and ET) appear after functionalization at the same excitation as 
the (6,5) E11 peak. 
 
As oleum was used to neutralize the effects of n-doping-generated trion 
photoluminescence, we were curious to test whether positive trions could be 
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observed using oleum based covalent chemistry. To this end, CoMoCat (6,5) 
SWCNTs were functionalized with 4-nitrobenzene groups sing an in situ 
diazonium synthesis in oleum.156  Normally, carbon nanotube-diazonium salt 
reactions are initiated by electron transfer from the nanotube to the diazonium salt 
species for a loss of N2 followed by radical addition of the remaining benze 
molecule to the nanotube surface.60,159 However, because the chemistry used here 
takes place in oleum, nanotube sidewall protonation makes electron transfer from 
the SWCNT to the diazonium salt unlikely. Instead,  radical initiator is utilized 
to generate radicals on the nanotube sidewalls that are reactive with close 
proximity diazonium salts.156 As with the alkylcarboxylated SWCNTs, two new 
peaks appeared in the photoluminescence excitation-emission maps after 
functionalization with this superacid chemistry (Figure 4-11). These new peaks 
were labeled E11
- and ET and have energy shifts of 174 meV and 264 meV 
respectively, relative to the (6,5) E11 emission at 970 nm. The shift in the position 
of E11
- compared to the hexanoic-acid-functionalized SWCNTs by the Billups-
Birch reduction is explained by the difference in the electron withdrawing 
capacity of the functional groups.146 An excitation study of the functionalized 
SWCNTs clearly indicates that these new E11
- and ET features appear at the same 
excitation wavelength as the (6,5) species and are not due to chiral impurities, 




Figure 4-12. Multi-line excitation study of (A) 4-nitrobenzene functionalized and 
(B) pristine SWCNTs reveal that E11
- and ET are in resonance with the (6,5) E11 
transition. (8,4) and (9,2) species convolute, but are not excited at the same 
wavelengths as (6,5). 
Raman spectroscopy of the functionalized SWCNT sample shows an 
increased ratio of the D (~1350 cm-1, sp3 hybridized carbons atoms) and G peak 
areas (~1585 cm-1, sp2 hybridized) compared to the non-functionalized SWCNT 
starting material. This observation indicates that covalent functionalization occurs 




Figure 4-13. Raman spectra of pristine and 4-nitrobenzene functio alized 
SWCNTs. The D/G ratio increases after the in-situ dazonium synthesis reaction, 
indicating that some native sp2 hybridized carbons on the SWCNT sidewalls have 
been converted to sp3 after covalent addition. 
This covalent chemistry uses oleum to individually disperse SWCNTs for 
functionalization by protonating the weakly basic nanotubes and enabling 
intercalation of the sulfate ion, which electrostatic lly exfoliates the nanotubes 
apart in solution. This process could hole-dope the SWCNTs. To test whether the 
ET peak has any relation to the SWCNT oxidative state, w  reduced the oven-
dried, functionalized sample with sodium in liquid ammonia to observe possible 
changes in the photoluminescence spectrum.  After reduction, the sample was re-







Figure 4-14. Modulation of the 4-nitrobenzene functionalized SWCNT ET peak is 
accomplished through subsequent reduction by different numbers of sodium 
equivalents relative to the number of carbon moles that make up the 
functionalized SWCNT sample. The spectra are normalized to the E11
- peak as the 
intensity of E11 changes dramatically after doping concentrations are modified but 
the ratio of E11
- to E11 remains almost constant due to the unchanging functional 
degree of the sample. 
Adding 0.75 equivalents of sodium relative to the number of carbon moles 
that make up the functionalized SWCNT sample resultd in a substantial drop in 
the ET peak in comparison to the defect activated E11
- (Figure 4-14). However, 
treatment with 1.5 equivalents of sodium reduction led to an increase in the 
intensity of ET. The Raman spectra of these reduced samples changed littl  




Figure 4-15. Raman spectroscopy of 4-nitrobenzene SWCNTs functioalized in 
oleum and subsequently dried and reduced with varying equivalents of sodium in 
liquid ammonia. The D/G ratio does not substantially change after reduction 
compared to the functionalized sample (Figure 4-13). 
These results reveal the relation of the ET peak to the oxidative state of the 
SWCNTs. If we assume that the 4-nitrobenzene functio al zed SWCNTs are 
hole-doped after synthesis in oleum, then the addition of 0.75 equivalents sodium 
effectively reduces the nanotubes.  However, after tr atment with double that 
amount of sodium, we observed that ET increased. It is difficult to know the exact 
concentration of SWCNT hole dopants under these conditi s (and there is 
probable sidewall protonation that reacts with the added sodium as well); 
quantification of the dopant concentration will require better controlled titration 
experiments. However, we can explain this increase in ET if the 1.5 equivalents of 
sodium reduced the SWCNT and exceeded the initial hole dopant concentration, 
thus leaving the SWCNTs in a reduced state as opposed t  an oxidized state. The 
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resultant increase in the ET intensity suggests that this photoluminescence peak 
serves as an indicator of the dopant concentration of either charge nature.  
These changes in the intensity of ET as a function of doping are also 
reflected in the peak shift and width changes of E11
- (Figure 4-16). Before sodium 
reduction, the E11
- peak of the 4-nitrobenzene functionalized sample occurred at 
1126 nm, with a full width at half maximum (FWHM) of 44 nm. After reduction 
by 0.75 equivalents sodium, the E11
- FWHM decreased to 37 nm, and the peak 
position blue-shifted slightly to 1124 nm. SWCNT optical spectra are highly 
sensitive to dopants, demonstrating significant peak intensity loss and broadening 
with increasing dopant concentration.158 The decrease in FWHM of E11
- after 
reduction suggests that the injected electrons serve to at least partially cancel out 
the hole-dopants created during the original oleum synthesis, lessening the doping 
concentration. This process also causes the decreas in ET trion emission 
intensity. Given the defect-dependent doping hypothesis we have constructed, 
0.75 equivalents of added sodium may seem far in excess to the actual number of 
implanted, p-doped sp3 defects (<5% of total carbon atoms).71 However, we 
account for the observed decrease in doping due to parasitic reaction with protons 
physisorbed to the nanotube sidewalls after functioal zation in oleum, effectively 
canceling out the excess sodium. 
However, the addition of 1.5 equivalents of sodium redshifts E11
- to 1127 
nm and broadens the FWHM to 45 nm, which indicates that the dopant 
concentration has increased compared to the 0.75 equivalent sodium addition. In 
this case, the sample is likely in the n-doped regim , which could explain the 
 
 98
simultaneous increase in the dopant-dependent ET peak. The previous control 
demonstrated that sodium reduction of nanotubes alone without functionalization 
does not generate the ET emission, due to what we believe is the defect 
dependence of trions generated under these conditios (Figure 4-9). The reduction 
and oxidation of the 4-nitrobenzene functionalized SWCNTs demonstrates both 
positive and negative trion photoluminescence, which were previously observed 
at nearly identical positions due to the small effective mass difference between 
holes and electrons.150 However, some difference in trion shift may in fact be the 
case here, but is difficult to resolve due to the background emission of other 
chiralities present within the sample. A (6,5) purified SWCNT sample (using gel 
chromatography methods for instance41) subjected to these covalent chemistries 
would remove any ambiguity of the positive and negative trions energy shifts, 











Figure 4-16. The peak at 1125 nm for the 4-nitrobenzene functional zed SWCNT 
sample contains convoluted data from multiple nanotubes in solution. In order to 
de-convolute and analyze this data, it was smoothed with a first degree Loess 
polynomial with sampling proportion set to 0.02 (Systat – SigmaPlot 10). A cubic 
baseline was fit across the peak from 1056 -1215 nm using LabVIEW. This 
Baseline was subtracted from the data and multiple Voigt-area peaks were fit 
using Systat PeakFit corresponding to several other c iralities in solution as well 
as a defect activated peak. Excluding the 1126 nm peak, going from short to 
longer wavelengths, the 4 other fitted peaks correspond to (8,4), (9,2), (10,0) 
and(8,6) species also found in low concentration in the solution. The same 
analysis and peak fit was applied to the 0.75 and 1.5 equivalents sodium reduced 
4-nitrobenzene functionalized SWCNT samples corresponding to Figure 4-14 in 
order to derive E11
- peak positions and FWHM values. 
 
SWCNT Trion Defect Dependence 
 
 In both the negative and positive trion chemistrie, ET failed to appear in 
the absence of defects. To better understand the defect dependence of ET, we used 
an alternative chemistry to generate SWCNT defects under conditions that were 
neither highly reductive nor oxidative. These experim nts allowed us to separate 
the effects of functionalization and reduction/oxidat on on the photoluminescence 
spectra, which cannot be achieved by the oleum-based diazonium and Billups-
Birch reduction chemistries. 
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With this in mind, aqueous phase diazonium chemistry (without the use of 
oleum) was chosen for its ability to controllably add defects to SWCNTs by 
varying the reactant concentration and reaction time without simultaneously 
reducing or oxidizing the material.60,160  After functionalizing SWCNTs with 
freshly synthesized 4-nitrobenzene diazonium dispersed in 1 wt% SDS-D2O, the 
E11
- peak was observed (Figure 4-17A) as expected of the exciton tailoring 
chemistry.146   
The diazonium functionalized SWCNTS were then reduc using the 
same conditions as with the Billups-Birch alkylation, but without the addition of 
new functional groups.  Unlike the reduction of pristine SWCNTs (Figure 4-9), 
the generation of ET was apparent, verifying that the reduction of SWCNTs and 
subsequent trion emission is highly defect dependent under these conditions 






Figure 4-17. (A) Covalent functionalization SWCNTs by 4-nitrobenz ne under 
neutral, aqueous conditions produces the E11
- peak but not the ET peak.  (B) 
Subsequent charging by sodium of the functionalized SWCNTs revealed the ET 
peak, suggesting a defect-dependence of trion emission under these conditions. 
TFT devices were fabricated from these same neutral and reduced 4-
nitrobenzene functionalized SWCNT samples to further elucidate the stabilizing 
effect of defects on reduced SWCNTs. Control devices w re synthesized from 
pristine and reduced (6,5) SWCNTs, with no functionalization, for a total of four 
devices (pristine, reduced, functionalized, functionalized+reduced).  In air, all 
four devices act as p-type, which is the typical behavior of SCWNTs under 
ambient conditions.161  However, using a vacuum TT microprobe system at room 
temperature, the same transistors were measured at 10-5 torr to remove the effects 
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of p-doping by oxygen. The pristine, reduced, and functionalized samples 
remained strongly p-type. However, the 4-nitrobenzene functionalized+reduced 
sample was weakly n-type under this minimized oxygen atmosphere, further 
emphasizing the importance of defects on the stability of reduced SWNTs (Figure 
4-18).  Interestingly, upon repeated measurement, the reduced-functionalized 
device went from n-type to no gate modulation, suggesting that the reduced defect 
site may be destroyed as it is probed, effectively oxidizing the nanotube. 
However, the switch from p-type to n-type for functionalized+reduced SWCNTs 
provides ample evidence of the trion promoting conditions of this sample, and the 
defect dependence of the ET, trion emission.  
 
Figure 4-18. TFTs made from the 4-nitrobenzene functionalized an reduced 
samples.  The (A) pristine, (B) reduced, and (C) functionalized samples show p-
type behavior while measured in vacuum, but when th sample is simultaneously 
functionalized+reduced (D), the I-V curve switches to minor n-type behavior, 
indicating the importance of defects on the stability of doped electrons in the 
SWCNT electronic structure 
VSD (V)












































































Excitation of covalently functionalized SWCNTs under highly reducing or 
oxidizing conditions produces defect activated trion photoluminescence. 
Reduction or oxidation alone fails to create trion emission, suggesting that 
significant defect enhanced stabilization of excess charge carriers is required to 
form the trion.  The functionalized and doped SWCNT samples can be handled in 
air, purified in water and suspended in D2O, all without completely oxidizing the 
nanotubes and eliminating trion photoluminescence. Our results suggest that 
defects on the doped SWCNTs stabilize electrons and holes well enough to 
provide the excess carriers necessary to generate trions upon exciton diffusion to 
these doped defect sites. This picture is consistent with previous DFT 
computations that show localization of electrons at covalent defect sites on a 
SWCNT.71  These results suggest a way to controllably dope SWCNTs with 
enhanced stability which may be of interest to semiconductor devices such as 
photovoltaics.  Additionally, a non-doping state should not be assumed for 
functionalized SWCNTs, as there may be significant impact on electrochemical 
and device behavior.  
The near-IR photoluminescence of SWCNTs is highly desirable for bioimaging 
applications and this new optically active states suggest a convenient method of 
tuning SWCNT fluorescence even further into the near-IR where photo-
interference from other materials is even less likely to occur (1000-1400 nm), 
optical tissue penetrative depth can be maximized,19 and efficient excitation by 




Chapter 5:  Conclusions and Outlook 
 CNTs are on the verge of being used in many different mechanical, 
electronic, and optical applications.24,81,108,162 However, the tendency of these 
materials to aggregate has been a major obstacle. Aggregation complicates device 
fabrication, making production more expensive and thus less likely to be of 
significant commercial value. It also causes the behavior of the bulk CNT 
material to be dominated by van der Waals forces instead of the more intriguing 
sp2 covalent bonds that make up the individual nanotubes and are the root of most 
of these materials’ amazing properties. Covalent fuctionalization had been 
largely dismissed as a solution to CNT dispersion problem due to the concomitant 
loss of electrical and optical properties. We have shown that functionalization can 
be achieved without these negative consequences. By controlling the location of 
functional groups on the nanotube surface, we are able to maintain desirable CNT 
behavior while improving the solubility of these materials. 
Addition of organic groups to the CNT sidewalls helps to overcome the 
van der Waals driven aggregation of these materials th t both degrades 
functionality and makes processing extremely difficult. Adding carbon-carbon 
single bonds to the nanotube surface converts the native sp2 hybridized carbon 
atoms to sp3 which disrupts the extended conjugated system of π orbitals that 
make up the delocalized bonding structure. These sp3 defects generate scattering 
centers that limit electron and exciton diffusion, diminishing conductivity and 
optical activity as a result.  
 
 105
 However, the negative effects of covalent addition ca  be minimized by 
controlling the morphology of functional groups on the nanotube surface in a 
manner that leaves significant tracts of the CNT sp2 hybridized carbon lattice 
intact to prevent excessive perturbation of diffusing electrons and excitons. This 
locational control is achieved by studying and understanding how the atomic and 
electronic structure of CNTs directs covalent chemistry on the nanotube surface. 
We have achieved this goal using two different chemistries, outer-wall selective 
functionalization of DWCNTs and defect propagative functionalization of 
SWCNTs that confines surface groups to discrete bands. 
 By utilizing the outer-walls of DWCNTs as a chemically tailorable surface 
on which to add functional groups, we are able to improve solubility, while 
retaining the pristine graphitic quality of the inner-tubes to prevent the 
conductivity of the entire structure from dropping to zero after the reaction. 
Outer-wall selectivity was demonstrated by Raman spectroscopy, which showed 
that the radial breathing vibrational mode of the inner-walls is retained after the 
reaction while the outer-wall signal is diminished. This observation reveals the 
retention of the inner-tube graphitic quality relative to the outer-walls after 
oxidation. We believe that this selectivity occurs by restriction of diffusion. The 
outer-walls are readily available to the oxidizing reagents, but also serve to 
protect the inner-tubes due to the concentric configuration as well as the high 
aspect ratios of the structures. 
We observe this functional morphology using TEM as well, exemplified 
by functionalized DWCNT structures that appear rough and slightly amorphous at 
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the outer-walls where the addition of oxygen groups ha  occurred. Retention of 
the quality and structure of the inner-tubes is also pparent. Thin film, 2-point 
conductivity measurements indicate that DWCNTs oxidize  using the same 
conditions have greater conductivity than SWCNTs due to a conductive inner-
tube pathway that maintains electrical percolation of the thin film. For oxidized 
SWCNTs, no such conductive inner-tube pathway exists, which results in lower 
percolation and conductivity. 
 The ability of the outer-wall selectively oxidized DWNCTs to retain good 
electrical percolation suggested that the outer-walls must also feature an uneven 
distribution of oxygenated functional groups on the surface to enable electronic 
contact with the inner-tubes. This distribution is reflected in our TEM images as 
well, which suggest that oxidation occurs in a roughly clustered distribution that 
leaves small regions of the outer-walls intact, conductive, and thus better able to 
contact with the inner-tubes for improved percolatin. 
 We explored this “banding” morphology further by studying the confined, 
propagative reaction mechanism of the Billups-Birch reductive alkylation 
chemistry on SWCNTs. Our characterization of these functionalized samples 
suggests a similar uneven distribution of functional groups on the SWCNT 
surface that leaves regions of the nanotube intact, which is important for avoiding 
disruption of optical properties. After covalent addition using this chemistry, we 
observed unusual SEM images of the functionalized SWCNT sample. These 
images featured alternating bright and dark regions of the nanotubes 
corresponding to the position of functional groups and intact graphitic nanotube 
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surface. Covalent addition creates insulating regions n the nanotube that charge 
when exposed to the electron beam of the SEM, which are manifested as brighter 
colored regions of the nanotube. To corroborate this ev dence, the position of 
functional groups on the SWCNT surface were also “tagged” by nucleating Al2O3 
from the covalently attached carboxylic acid functionalities. The growth of Al2O3 
was clearly observed on the nanotube surfaces in discrete banding patterns that 
reflected the SEM imaging contrast.  
As a result of this functional group banding pattern, retention of optical 
properties is also observed as shown by the continued appearance of van Hove 
transitions in the absorbance spectrum and near-IR photoluminescence even after 
covalent functionalization, counter to the previously understood optical sensitivity 
of functionalized CNTs.53,69,163 Photoluminescence after functionalization 
suggests that the non-functionalized regions of the reacted SWCNT must be at 
least 90 nm long (the mean free path of CNT excitons) to avoid scattering and 
fluorescence loss.69 In addition to retention of optical properties, thin films 
constructed from these Billups-Birch functionalized samples also remain 
conductive, although less so compared to their non-functionalized counterparts.147 
DFT calculations suggest this banding mechanism occurs due to 
localization of reactive electrons around sp3 defects introduced by the reductive 
Billups-Birch reaction into the SWCNT sp2 structure. A higher electron density 
surrounding sp3 defects primes these neighboring carbon atoms to engage in the 
generation of alkyl halide radicals via single-electron transfer around the defect 
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site, which kinetically favors the addition of these radicals around the same region 
of the nanotube, resulting in the observed banding structure.71,72  
 Retention of optical and electrical properties occurred for the Billups-
Birch reaction at low functional degree featured in the aqueous extractions of the 
reacted SWCNT sample. However, we also observe that new photoluminescence 
features beyond the usual E11 transition appear at higher functional degree levels 
(without any aqueous extraction). Calculations demonstrated to us that the 
addition of defects to the SWCNT surface has the effect of splitting the nanotube 
E11 valence and conduction band energy states. Selection rules favor a transition 
that is lower in energy than the native energy level of the non-functionalized 
nanotube surface. This deviation leads to a new, redshifted photoluminescence 
peak that is activated by the judicious presence of defects in the CNT carbon 
lattice.72 If there are too many defects, excitons will be scattered or unable to form 
due to the loss of absorption. If there are too few d fects, this defect-activated 
photoluminescence is not observed. 
 However, when the addition of covalent functional groups occurs 
simultaneously with a highly reducing or oxidative chemistry, we observe that the 
splitting of the E11 energy levels surrounding the defect site generates a potential 
well in the SWCNT electronic structure that is capable of trapping excess carriers 
injected into the system. Upon photogeneration of an exciton and diffusion to one 
of these doped defect sites, the three carriers bind due to enhanced Coulombic 
forces that occur in quantum confined systems. The binding forms a charged 
exciton, or trion, which is lower in energy than to the exciton species alone. This 
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trion is manifested as an additional, redshifted photoluminescence peak. Given the 
correct balance of functionalization, we are able to observe all three 
photoluminescence peaks simultaneously (E11, defect activated, and trion) from a 
single nanotube chirality. Positive and negative trions are observed using 
oxidative and reducing covalent functionalization chemistries respectively. This 
new trion emission feature is unusually stable, lasting for several months. We 
believe this longevity is due to the trapping effect at defect sites, which makes it 
energetically difficult for excess carriers to be removed, even under aqueous 
conditions. This defect-dependent, trion photoluminescence in conjunction with 
the defect activated emission may be of interest for bi -imaging applications in 
which both excitation and emission are desired in the biological tissue transparent 
window of 1000-1400 nm.19,78 
 We have demonstrated several covalent functionalization strategies of 
dispersing CNTs to utilize the properties related to individual CNTs, but 
translated on a bulk scale. By controlling the location of functional groups on the 
nanotube surface, we are able to enjoy both the benfits of functionalization 
(individual dispersion related properties, improved processing) while retaining the 
optical and electrical properties that are normally sacrificed by uncontrolled 
covalent addition.  
There may be opportunities for roll-to-roll printing processes using these 
CNT dispersions, particularly as thin film current collectors. Low conductivities 
can be rectified after deposition by high-temperature annealing to remove 
functional groups at a stage in which dispersion is already set after drying or 
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filtration steps.162 Alternatively, this step may be unnecessary if DWCNTs or 
MWCNTs are used according to the proposed inner-tube conductive pathway 
hypothesis80. 
A collaboration in CNT bio-imaging is advised to observe whether the 
defect activated trion photoluminescence would be oservable in biological tissue. 
Time resolved photoluminescence studies should also be done on these doped, 
functionalized samples to identify the luminescence lifetimes of both the excitons 
and trions in the system to unequivocally identify these species.164 
We hope these studies on covalently functionalized CNTs will bring them 
a step closer to the electronic, optical and mechani al applications originally 
envisioned for this unique material. The importance of this work remains to be 
seen, but I believe these results will help the graphitic materials field to 
understand that the functional impact of defects is controlled not by just the 
absolute concentration but also the density. From this perspective, it becomes 
possible to avoid the negative effects of defects by controlling the defect density, 
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